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resulting from the magnetized rail leads to a deflection 
force that guides the droplet along the rail, thus imposing a 
deterministic trajectory. The magnetic rails networks offer 
a spatially and temporally addressable guidance and sorting 
of individual magnetic droplets by synchronizing field acti-
vation and droplets positions. Numerical simulations were 
performed to evaluate spatial distribution of both drag and 
magnetic forces within the microdevice. The influence of 
different parameters such as magnetic flux density magni-
tude, flow rate and orientation of the rail has been investi-
gated. Finally, selective droplet sorting, parking and merg-
ing were demonstrated and the monitoring of parallelized 
enzymatic reactions was performed.
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1  Introduction

Droplet microfluidics is now recognized as a major com-
ponent of microfluidic systems. Microdroplets behave as 
miniaturized reactors with controlled content within which 
species or reactions can be studied or performed indepen-
dently and at high throughput. Droplet microfluidics is 
particularly attractive for biological and chemical applica-
tions. It provides opportunities to discretize samples into 
small volumes, typically ranging from picolitres to nano-
litres, allowing statistical studies in parallel. Droplet gen-
eration can be performed at very high rates (up to 10 kHz), 
thus making droplet-based platforms very well adapted for 
high-throughput analyses or screening (Song et  al. 2006; 
Theberge et  al. 2010). The microfluidic modules dedi-
cated to droplets manipulation led to various chemical and 

Abstract  Droplet microfluidics is currently undergoing 
an explosive development due to its ability to compart-
mentalize samples in picolitre to nanolitre volumes, trans-
port them without dispersion and perform high-throughput 
analysis. The precise manipulation of single droplets, how-
ever, still requires complex chips, such as microelectrode 
arrays, or equipment, such as laser-based sorting. We report 
here a very simple proof of concept of an innovative and 
active technology which allows the individual manipulation 
of single droplets. This technology combines ferromagnetic 
rails and magnetic nanolitre droplets. Ferromagnetic rails 
are used to locally create magnetic potential wells. When 
the field is turned OFF, the hydrodynamic drag force trans-
ports the magnetic droplets according to the flow velocity 
profile. By switching ON the magnetic field, droplets expe-
rience a magnetic force that affects their trajectory when 
passing over the magnetized rail. The combination of the 
drag force exerted by the oil flow and the magnetic force 
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biological applications depending on the number of drop-
lets involved in the analytical procedure. High-throughput 
devices were developed for studying molecules crystalli-
zation (Cohen et  al. 2010) or digital PCR (Pinheiro et  al. 
2012). The latter, in particular, encountered a strong suc-
cess, improving by two orders of magnitudes at least the 
sensitivity of PCR. They are ideally suited to exploit pro-
tocols playing with high statistics upon a large number of 
droplets following the same fate. As a drawback, though, 
these high-throughput generation methods can only prepare 
a large number of droplets from a very limited number of 
fluid sources (typically one or two, if coalescence is added 
along the production line). These platforms are thus poorly 
adapted to analyses involving complex analytical work-
flows and are mainly restricted to give droplet content at 
a single time point (yes/no responses). Nevertheless, these 
approaches encountered great successes through companies 
such as RainDance Technologies or Bio-Rad Laboratories. 
For applications in which a more moderate throughput is 
sufficient, but better control of each droplet composition 
and fate is needed, strategies involving on demand droplets 
generation and individual handling are preferable to control 
both the content and processing of droplets at the individ-
ual scale (Abbyad et al. 2011; Churski et al. 2010; Lorenz 
et  al. 2006). The handling and identification of a smaller 
number of droplets give access to droplet monitoring and 
more accurate information.

In this context, one of the actual challenges in droplet 
microfluidics development relies on efficient and precise 
manipulation of individual droplets, to perform basic oper-
ations such as merging, splitting, sorting, trapping or guid-
ance in both high- and low-throughput analyses. Both pas-
sive and active methods have been investigated to perform 
these operations. In passive approaches, droplets splitting, 
sorting, mixing, trapping and synchronization mainly 
involve topological modification of the channels including 
bifurcations (Adamson et al. 2006; Link et al. 2004) wind-
ing channels (Song et  al. 2003) as well as the integration 
of 3D structures such as pillars (Niu et  al. 2008; Protière 
et al. 2010), rail roads (Abbyad et al. 2011; Ahn et al. 2011) 
or chamber arrays (Huebner et al. 2009). Although passive 
operations are very simple to implement, most device archi-
tectures do not provide the flexibility needed for individual 
droplets manipulation. Passive manipulations are in gen-
eral non-selective and not easily tunable. All the droplets 
will follow the same trajectories and operating workflow. 
This limitation is solved by combining passive methods 
with active approaches, usually based on electric, optical 
or magnetic principles. For instance, integrated electrodes 
can be used for droplets sorting (Ahn et  al. 2006; Baret 
et  al. 2009) or merging (Chabert et  al. 2005; Abate et  al. 
2010). For example, Zagnoni and Cooper (2009) devel-
oped a system that does not require precise alignment or 

droplets synchronization and where electrodes were used to 
slow and trap the droplets in order to force them to merge. 
Electrostatic forces were also successfully used to per-
form various operations such as droplets sorting, guidance, 
trapping and splitting (DeRuiter et  al. 2014). The authors 
have shown that metallic electrodes can be used as rails 
to develop an integrated and relatively high-throughput 
platform. Nevertheless, this approach is very sensitive to 
droplets internal conductivity, and therefore to salt concen-
tration. Moreover, this approach is limited to sandwiched 
droplets. Electrowetting on dielectric device (EWOD) was 
also extensively used for droplets transportation, fusion 
and splitting on digital microfluidic platforms (Sista et al. 
2008; Teh et  al. 2008). This technique is based on a sur-
face tension shift from hydrophobic to hydrophilic state, 
by applying a localized voltage between the liquid and a 
dielectric layer. Integrated electrodes offer a high level of 
system reconfigurability. Nevertheless, this technology 
requires rather complex and expensive microfabrication 
processes that may limit its use. Light actuation was also 
used to manipulate droplets (Baigl 2012). It provides a con-
tactless approach; it is easily tunable and offers high spatial 
and temporal resolutions. The conversion of light energy 
into droplet motion or deviation can rely on different mech-
anisms such as optical confinement, optoelectrowetting, 
thermocapillary and chromocapillary effects. The latter was 
successfully developed by Diguet et al. (2009). The authors 
have shown that Marangoni flows can be generated by light 
illumination in order to create a change in the interfacial 
tension, thus leading to the deviation of microlitre drop-
lets under UV and blue light. More recently, Fradet et  al. 
(2011) developed a microsystem based on laser actuation. 
Topological modifications in the channel were used to 
guide sandwiched droplets along complex trajectories or 
trap them in a microchamber using etched patterns. The 
combination of these patterns with an external laser allows 
the selective modification of the trajectory of the droplets 
and their merging. As a main limitation, however, in the 
devices mentioned above based on electrodes or topologi-
cal approaches, the droplets must be sandwiched in order to 
be guided. Therefore, the dimensions of the microdevices 
have to be adapted to the droplet sizes or vice versa. This 
represents a clear limitation whether the size of the droplets 
used in the microfluidic device is not constant or not known 
a priori.

The use of magnetic forces for particles manipulation 
such as magnetophoresis, particle mixing or magnetic cap-
ture was extensively described in particular for monopha-
sic microfluidic applications (Van Reenen et al. 2014; Cao 
et al. 2014). The combination of droplets and magnetic par-
ticles represents an important strategy for biological appli-
cations, since magnetic fields do not interfere with chemi-
cal and biological reactions, and they are much less prone 
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to induce heating than electric fields. Also, biological fluids 
can vary largely in conductivity, but share a low and rather 
uniform magnetic susceptibility, so magnetic manipula-
tion can be performed very robustly in a wide variety of 
fluids. Indeed, magnetic particles are extensively used as a 
solid support for capture, purification, extraction or reac-
tions. They have opened the route for many bioanalytical 
applications within microfluidic tools (Lacharme et  al. 
2009). The use of magnetic forces was also investigated for 
the manipulation of droplets (Lehmann et  al. 2006). Sev-
eral approaches were reported using integrated microcoils 
(Nguyen et al. 2006) or external permanent magnets (Long 
et al. 2009). Magnetic particles can be extracted and trans-
ferred from droplet to droplet in order to perform multistep 
analyses within microchannels (Ali-Cherif et  al. 2012) or 
using EWOD systems (Wang et al. 2007). Magnetic drop-
lets were also manipulated on open superhydrophobic sur-
faces using a permanent magnet (Ohashi et al. 2007), but to 
the best of our knowledge, there have been no demonstra-
tion of selective, directed and individual nanolitre droplet 
manipulation using magnetic rails.

In order to improve over the above-mentioned limitations, 
we report a new concept allowing the selective and active 
handling of individual nanolitre droplets based on inte-
grated magnetic rails for the monitoring of droplet content. 
This platform relies on a very simple and low-cost fabrica-
tion technology based on PDMS casting for microchannel 
fabrication and doctor blade for the integration of magnetic 
material. This microfabrication approach avoids most of the 
laborious techniques used in previous approaches to inte-
grate magnetic substrates on chip, such as photolithography 
and chemical etching (DeRuiter et  al. 2014) or the use of 
liftoff resist and metal evaporation (Paustian et  al. 2014). 
From the conceptual point of view, we believe that this 
method offers great capabilities regarding droplets manip-
ulation: the principle of the platform relies on the integra-
tion into the PDMS chip of different ferromagnetic designs 
that generate high and localized magnetic field gradients. 
These gradients can be easily tuned using an external mag-
netic coil. They modify the energy landscape in the device 
by creating local attraction areas. The droplets motion in the 
device thus result from the balance between the oil hydro-
dynamic drag forces that induce droplets motion and the 
magnetic rail design that induce deflection of the droplets 
from their original trajectories and provide a deterministic 
positioning of the droplets. The rails can be activated on 
demand, providing the capability to synchronize the droplet 
position relative to the rail and thus to perform addressing at 
the individual droplet level. The principle of this magnetic 
guidance is illustrated in Fig. 1.

We have recently demonstrated that the use of mag-
netic particles in droplets offers many advantages to per-
form complex analytical workflows involving capture and 

extraction operations (Ali-Cherif et  al. 2012) as well as 
one-step analyses (Teste et  al. 2013). Here, we show that 
it is also possible to benefit from the presence of magnetic 
particles in droplets to control their positions and trajecto-
ries in a deterministic manner through magnetic actuation. 
Using this approach, it is possible to address both sand-
wiched and non-sandwiched droplets individually to per-
form sorting, parking and merging operations.

In this work, we investigated the parameters influenc-
ing the guidance (magnetic field applied, oil flow rate and 
geometry of the device) in order to characterize the micro-
fluidic system. Numerical simulations were performed to 
evaluate hydrodynamic and magnetic forces distribution. 
A phase diagram describing the operating conditions of 
magnetic guidance was proposed. Then, we demonstrated 
the possibility to sort, park and isolate droplets at very pre-
cise locations within trapping structures. Droplets merging 
operations were subsequently triggered at the same time 
with high temporal resolution. As a demonstration, we 
applied the developed microfluidic device to parallel enzy-
matic reactions. We believe that this simple technology will 
be easily transposable to the study of reaction kinetics, cell 
culture and bioanalyses for very low amount of samples.

Fig. 1   a Schematic representation of a droplet (blue sphere) con-
taining magnetic particles guided by the magnetic rail (black dot-
ted lines). The external magnetic field B induces the magnetization 
of the rail, leading to the attraction of the particles and therefore of 
the droplet towards the surface of the rail. The droplet is thus pushed 
by the drag force (Fd) and simultaneously kept along the rail because 
of the generated magnetic force (Fm). b A train of three droplets are 
entering a chamber having two different magnetic rails. By turning 
ON and OFF the magnetic field it is possible to choose the droplet 
to drive in each direction: the first (blue) droplet is not driven as B 
is OFF upon its arrival. The red and green droplets can be directed 
along two different rails, by turning ON the magnetic field at two dif-
ferent instants (t1 and t2) synchronized with the arrival of the chosen 
droplet over the corresponding rail
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2 � Materials and methods

2.1 � Device fabrication

Microfluidic devices were fabricated using a combination 
of conventional PDMS (Sylgard 184, Dow Corning) cast-
ing and replica moulding techniques (McDonald and Whi-
tesides 2002). The device was composed of two parts. The 
bottom part of the device integrates the magnetic rail struc-
tures. They were obtained using a “doctor blade” technique 
(Sayah et al. 2005): first, PDMS pre-polymer (Sylgard 184, 
Dow Corning, 1:10 base to curing agent ratio) and ferro-
magnetic iron particles (6–8 µm, Goodfellow) were mixed 
together (50:50 w/w). Second, this mixture was poured on 
an aluminium master prepared by micromilling (Minitech 
Machinery Mill system) and patterning with 200-µm-wide 
and 200-µm-deep channels that define the rail geometry 
(Fig.  2a). After degassing, the excess of magnetic PDMS 
was removed using a soft silicone blade in order to keep the 
recessed area of the master mould filled with the magnetic 
polymer (Fig. 2b). At this point, a conventional PDMS pre-
polymer mixture was poured on the master (Fig. 2c) and the 
whole system was kept in an oven at 70 °C for 15 h until 
reaching the complete curing. The resulting structures were 
carefully peeled off from the master (Fig. 2d). They consist 
in a flat PDMS layer of few millimetres with protruding 

micrometre magnetic structures (200 μm in height). Finally, 
the substrate surface was planarized by pouring fresh PDMS 
on the structures using a silanized glass slide. A stack of 
adhesive tapes (50 µm thick each one, 3 M) was used as a 
spacer in order to provide a simple and straightforward fab-
rication process. All the obtained structures were then kept 
at 70  °C for 2  h (Fig.  2e). Control experiments were per-
formed to evaluate the reproducibility of the dimensions for 
the resulting structures. In particular, we performed meas-
urements on sample cross-cuts using optical microscopy 
followed by image analysis. Results obtained showed a 
satisfactory reproducibility with a mean thickness of 50 µm 
(CV of 5 %) for the final PDMS layer on top of the rails.

The top part of the device consists in a microflu-
idic chamber used for oil and droplets handling. It was 
obtained by pouring casting PDMS on an aluminium mas-
ter designed with 3-mm-wide, 5-cm-long and 400-, 500- or 
600-µm-high structures (Fig.  2g). The droplets trapping 
experiments were performed using similar aluminium mas-
ters integrating also trapping structures (300  µm length, 
100  µm width, 400  µm deep and 50  µm interspace). The 
inlet and outlet of the microfluidic chamber were composed 
of 1-cm-long microchannels with a diameter of 500 µm.

In order to bond the top (Fig. 2g) and the bottom parts 
(Fig.  2h), both surfaces were treated with oxygen plasma 
(Diener Pico, 100 W, 30 s). Teflon tubings (600 µm OD and 

Fig. 2   Workflow of the device microfabrication. In order to produce 
the bottom part integrating the magnetic rails, magnetic PDMS was 
spread on the aluminium mould (a). The excess of magnetic PDMS 
was removed through doctor blade technique (b). Standard PDMS 
pre-polymer was spread on top of the mould and all the structure was 
put at 70  °C for 15 h (c). The replicated structures were peeled off 

and planarized by spreading fresh PDMS using silanized glass slides 
and scotch tape as spacer (d, e). The resulting bottom part integrat-
ing the magnetic rail was bonded with the microchamber (f). g, h, i) 
Scheme showing the cross section of the microchamber, the rails and 
the final device, respectively. The final device was plugged with Tef-
lon tubings at the inlet and outlet
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300 µm ID, Sigma-Aldrich) were then inserted in the inlet 
and outlet of the microdevice (Fig. 2i). Finally, the internal 
chamber surface was treated by 1H,1H,2H,2H-perfluorode-
cyltrichlorosilane (100 µL in 1 mL of FC-40 oil) for 1 h to 
improve oil wetting and thus droplet stability.

2.2 � Droplet generation

Aqueous droplets containing 1-µm magnetic beads (Myone, 
Invitrogen) at 40 µg/µL (106 magnetic beads per droplet) were 
generated by sequentially aspirating 35 nL of an aqueous sus-
pension of magnetic beads and fluorinated oil (FC-40, 3 M) 
mixed with PEG-Di-Krytox surfactant at 2 % (w/w) (Holtze 
et  al. 2008) in Teflon tubing (300 µm ID and 600 µm OD, 
Sigma-Aldrich). Fluid handling was performed using syringe 
pumps (Cetoni GmbH) and a 1-mL syringe (internal diam-
eter of 0.4 mm); the droplets were injected in the microfluidic 
device at different flow rates varying from 2 to 10 µL/s.

2.3 � Magnetic field control

The microdevice was inserted in a home-made electromag-
netic coil (5.5 cm ID,13.5 cm OD and 4.5 cm height) fab-
ricated with 0.8-mm electrically insulated copper wires and 
driven by a tunable power supply (0–3 A, 0–25 V). This 
system allows the generation of a homogeneous magnetic 
field in the centre of the coil, with an orientation aligned 
along the coil axis. The field intensity can be tuned arbitrar-
ily from 0 to 45 mT in the 0–3 A current operating range.

2.4 � Droplet guidance and parking

Droplets were sequentially injected in the microcham-
ber. When the first droplet passed over the chosen rail, the 
external magnetic coil was turning ON till the droplet was 
parked in the corresponding trap. Then, the magnetic coil 
was turning OFF until a new droplet was introduced in the 
microchamber. The same procedure was repeated for the 
whole droplets train.

2.5 � Magnetic beads functionalization

Peroxidase grafting consists in mixing 400 µL of magnetic 
beads at 10  mg/mL, 100  µL of 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide at 2 mg/mL, 100 µL of N-hydrox-
ysulphosuccinimide at 6  mg/mL and 1  mL of peroxidase 
from horseradish at 1 mg/mL. After overnight incubation at 
4 °C, magnetic beads were rinsed 5 times and redispersed 
in PBS buffer.

To prevent non-specific adsorption, 400 µL of magnetic 
beads at 10 mg/mL were coated with 1 % BSA (w/v). After 
overnight incubation, magnetic beads were rinsed 5 times 
and redispersed in PBS buffer.

2.6 � Droplet merging and enzymatic reaction

Four droplets (35 nL internal volume) containing Amplex 
Red substrate (100  µM) and 106 magnetic beads grafted 
with peroxidase were sequentially stored within the traps. 
Then, a second set of four 35-nL droplets containing 106 
magnetic beads coated with BSA and various concentra-
tions of H2O2 (from 0 to 200 µM) were sequentially trans-
ported in the four traps. The concentration of the surfactant 
in the oil was tuned at 2 % (w/w) so that once stored, each 
couple of droplet could be kept stable in each trap. Drop-
let merging could be achieved by increasing the flow rate 
at values higher than 15 µL/s. In such case, the hydrody-
namic drag force was found to be sufficient to induce 
coalescence. Once merged, the fluorescent product of the 
enzymatic reaction was measured over time every 5 s using 
an inverted microscope (Nikon) equipped with a mercury 
lamp and Cy3 spectral filters (excitation wavelength: 530–
560 nm and emission wavelength: 573–648 nm).

3 � Results and discussion

3.1 � Demonstration of magnetic guidance

The droplets generation and manipulation were performed 
with the experimental set-up described in (Figure S1 online 
resources). The microsystem was inserted in the centre of 
the electromagnetic coil, where the magnetic field is homo-
geneous and oriented perpendicularly to the (x,y) plane. In 
this configuration, the magnetic particles within the drop-
let behave as small magnets with a magnetization oriented 
along the magnetic field direction. Even in the absence of 
magnetic rails, they spontaneously self-assemble into 1D 
columns in the droplet. This process does not modify the 
shape and hydrodynamic behaviour of the droplet. More-
over, as the magnetic flux density is homogeneous in the 
microdevice, the magnetic gradient in the (x,y) plane is 
negligible meaning that the magnetic force that may impact 
the droplet trajectory can also be neglected. This hypoth-
esis was confirmed experimentally by monitoring the tra-
jectories of droplets while switching ON and OFF the elec-
tromagnetic coil. The selective transport and guidance of 
magnetic droplets is based on the activation of ferromag-
netic rails by an external electromagnetic coil. Although 
the microdevice is placed in a homogeneous magnetic 
field, the presence of the ferromagnetic rails locally modi-
fies the magnetic field distribution thus resulting in a mag-
netic field gradient (∇B) that modifies the energy landscape 
at the vicinity of the rails. This mechanism gives rise to a 
magnetic force (Fm) on the magnetized particles within 
the droplet. The trajectory of the mobile droplets results 
from a balance between hydrodynamic drag and magnetic 
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guidance forces. The rail geometry used for the first proof 
of concept experiments consisted in a 200-µm-wide and 
5-cm-long bent track (Fig. 3). The oil flow rate was set at 
5 µL/min.

Image sequences showing the trajectory of droplets in 
the device are shown in Fig. 3. When the external magnetic 
field was switched OFF, the droplets were dragged by the 
oil flow with a linear trajectory (Fig.  3a). Conversely, in 
the presence of the external magnetic field, magnetic drop-
lets experience a magnetic attraction force when passing 
over the ferromagnetic rails. The magnetic rails induce a 
confinement force that results in the deviation of the drop-
let from its original trajectory (Fig. 3b). It is important to 
notice that the flattening process avoids any guidance effect 
induced by topographically modified surfaces as previously 
demonstrated by Dangla et al. (2011). Moreover, the diam-
eter of the droplet was maintained slightly below the micro-
channel height so that the channel surface did not interfere 
with droplet motion.

Careful observations of the droplets show that upon 
guidance, the rails induce an attractive force that leads 
to the confinement of the suspended magnetic parti-
cle into a cluster (Fig.  3d). This effect was not observed 
in the absence of magnetic field, as shown in Fig.  3c. In 

the absence of magnetic structures, the droplet follows a 
straight trajectory when the coil is turning ON since the 
magnetic particles are submitted to a homogeneous mag-
netic field (data not shown).In contrast to our previously 
published work (Ali-Cherif et  al. 2012), the formation of 
this cluster was not sufficient to induce the extraction of 
the particles from the droplet. The magnetic force induced 
by the rail is energetically not sufficient to destabilize the 
droplet interface and induce droplet splitting. These obser-
vations were in good agreement with magnetic forces and 
surface energy calculations (supporting material). This 
shows that the magnetic force exerted on the particles clus-
ter is directly transferred to the droplet without affecting 
its stability. The droplet thus behaves as a mobile reservoir 
with properties comparable to those of a magnetic particle 
ensemble.

3.2 � Physical background

Droplet guidance along the magnetic rails results from the 
balance between different forces acting on the droplets. It 
is interesting to distinguish in-plane forces (x,y plane) from 
vertical forces (z axis) as summarized in Fig. 4.

We first considered the motion of the droplet along the 
vertical component (z axis).

The sum of the forces acting on the droplets on the z 
axis (Fz) is given by

with Fb the buoyancy force, Fg the gravitational force and 
Fm the magnetic force acting on the particle cluster.

When no external magnetic field is applied, the move-
ment of the droplet along the z axis is only defined by Fb 
and Fg. As the oil density (d = 1.85 g/cm3) is higher than 
the aqueous phase density (d = 1 g/cm3) within the droplet, 
Fb pushes the droplet towards the top of the chamber, away 
from the magnetic rails.

In the presence of the external magnetic field, the result-
ing magnetic force Fm and the relative magnetic energy Em 
are given by the following simplified equations (Online 
resources 1 for more details):

with Q the mass of magnetic particles (g) in the droplet, 
ρ the magnetic beads density (g/m3), M the magnetization 
(A/m), �m the magnetic moment (A/m2), �B and ∇B the mag-
netic flux density (T) and its gradient (T/m), respectively.

COMSOL simulations were used to estimate the magni-
tude and orientation of B, ∇B, Em and Fm that are applied 

(1)
∑−→

Fz =
−→
Fb +

−→
Fg + �Fm

(2)
−→
Fm =

Q

ρ

−→
M∇(�B)

(3)Em = −( �m · �B)

Fig. 3   Images sequences showing the trajectory of droplets loaded 
with 1-µm superparamagnetic particles at 40 µg/µL (around 106 mag-
netic particles), with external magnetic field turned OFF a and ON b.  
The arrows indicate the orientation of the oil flow. The flow profile 
velocity is homogeneous across the width of the chamber. Particle 
spatial distribution in the droplet when the magnetic field is turned 
OFF (c) (particles are homogeneously dispersed) and when it is ON 
(d) (particles are confined and form a cluster above the rail)
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on the micrometric particles confined in the water droplet. 
Calculations were based on the measured magnetization 
curves of the particles and on the geometry of the microflu-
idic device.

Although the magnetic field distribution is homogene-
ous within the coil, as expected, simulation results show 
that the external magnetic field distribution and the energy 
landscape are modified in the presence of the magnetic rail. 
The magnetic field lines are focused towards the magnet-
ized rail (Online resources, Figure S2), thus resulting in a 
local increase in the Bz value associated with a magnetic 
field gradient oriented towards the magnetic rail. As a con-
sequence, Fmz vectors are oriented towards the rails, so that 
the magnetic cluster and therefore the droplets are attracted 
to the surface of the rail. The intensity of Fmz was estimated 
from 4 to 6 µN for current values ranging from 1 to 3 A, 
respectively (data not shown). The buoyancy force Fb was 
estimated at 0.28  µN. Thus, even for the lowest current 
value applied at the coil (1 A), the magnetic force is suf-
ficient to counter balance the influence of buoyancy, bring-
ing the droplet close to the rail (an oil wetting layer of a 
few micrometres is maintained between the droplet and the 
surface, by the combination of surface tension contrast and 
hydrodynamic lubrication layer).

We further investigated the in-plane (x,y) forces act-
ing on the droplet and causing changes in its trajectory 
(see Fig.  4b). It should to be mentioned that the friction 
forces was neglected in order to simplify our forces model, 

but will be discussed further in this paragraph. The drop-
let is subjected to a drag force from the oil flow described 
as Fd = 6πηr�v [where η is the viscosity of water 
(Kg s−1 m−1), r the droplet radius (m) and Δv the differ-
ence between fluid and droplet velocity (m  s−1)]. Droplet 
trajectories are also influenced by the in-plane component 
of the magnetic force (Fm), which is only oriented along 
the y axis. Indeed, if we consider a long rail with a width w 
and a length l, with l ≫ w, then the magnetic field gradient 
∇B can be neglected along the x axis. In order to evaluate 
the potential influence of wall effect lift and shear-gradi-
ent lift forces on the droplet trajectory close to the walls, 
we investigated the flow velocity profile using COMSOL 
simulations (Figure S3 online resources). We observed that, 
except for the regions located at the vicinity of the walls, 
the flow intensity is almost constant across the channel, in 
a direction perpendicular to the fluid flow. This result indi-
cates that in the region where the guiding occurs, the influ-
ence of both wall effect lift and shear-gradient lift forces 
can be neglected and that the flow profile has a negligible 
influence on droplet trajectories during lateral migration.

Figure  4c and d shows the evolution of Fmy and Emy 
along the y axis, calculated following Eqs. 2 and 3 for three 
different current values and for a z position 50 µm above 
the rail. The Emy curves show two energy minima located at 
the edges of the rail, which correspond to stable positions 
for the magnetic cluster. As expected, increasing the current 
in the coil corresponds to an increase in the attractive force 

Fig. 4   Description of the 
balance of forces acting on the 
magnetic beads in the droplet 
in (a) the (y,z) plane and (b) 
(x,y) plane. c Calculation of 
the magnetic forces on the y 
component Fmy around the rail. 
d Calculation of the magnetic 
energy on the y component Emy 
around the rail. Simulations 
were performed by considering 
a fixed z value at 50 µm above 
the rail, which corresponds to 
the PDMS thickness from the 
flattening step. The dashed lines 
in the Fmy and Emy graphs show 
the edges of the rail. red, green 
and blue curves correspond to 
1 (15 mT), 2 (30 mT) and 3 A 
(45 mT) applied in the coil, 
respectively
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in these regions and thus a decrease in Emy. According to 
these results, the cluster and therefore the droplet should be 
preferentially confined at 0.15 or −0.15 mm from the cen-
tre of the rail in the absence of drag force. Considering the 
balance of forces on the (x,y) plane, the resulting force (or 
lateral force, Fl), acting on the droplet, can be written as:

with θ the angle between Fd and the rail axis.
In order to ensure the guidance of the droplet above 

the rail, the following condition has to be satisfied: 
Fmy > Fd sin θ. In such conditions, the droplet will be 
pushed and transported along the x direction and along 
the rail. On the contrary, if Fmy < Fd sin θ, the droplet is 
disengaged from the magnetic rail and is dragged away by 
the oil flow. It is also interesting to notice that according 
to Eq. 4, increasing angle θ requires an increase in the Fm 
value to keep a magnetic confinement on the rail sufficient 
to compensate for hydrodynamic drag. We compared these 
theoretical assumptions with experiments. The results are 
commented in the next paragraph.

As mentioned earlier, friction forces were neglected 
in our model since the influence of these forces that may 
arise at the vicinity of the magnetic rails is difficult to 
investigate. Some studies have been proposed in the lit-
erature to investigate the motion and velocities of drop-
lets or bubbles within microchannels according to their 
degree of confinement (Baroud et  al. 2010; Fuerstman 
et  al. 2007; KopfSill and Homsy 1988). These experi-
ments were performed either in fully confined geome-
tries or in Hele-Shaw chambers and have shown that the 
velocity of droplets or bubbles is lower than the oil flow 
and closely dependent on the surfactant concentration. 
Our case is intermediate since the droplets do not experi-
ence a confinement due to the device geometry, but only 
an attractive magnetic force towards the integrated mag-
netic rails. Our work is thus a particular case where the 
droplet is partially confined in one direction. Neverthe-
less, experimental observations also revealed that for an 
average flow rate of 5  µL/s, the oil flow velocity in the 
chamber is 4 ×  10−3  m/s, while the droplet velocity in 
the absence or presence of the field was 2.57 × 10−3 and 
0.52 ×  10−3 m/s, respectively. These results are in good 
agreement with the work mentioned previously (KopfSill 
and Homsy 1988) and confirm the presence of frictional 
forces. Modelling these frictional forces would require 
additional experiments that go beyond the scope of this 
work and it is important to mention that, in our specific 
case, even if the presence of friction forces may impede 
the droplet velocity during guiding, it should not affect the 
balance of forces (drag force vs magnetic force) involved 
in the efficiency of the trapping and guiding mechanisms.

(4)
−→
Fl =

−→
Fm +

−→
Fd = (Fd cos θ)

−→ex + (Fm − Fd sin θ)
−→ey

3.3 � Operating conditions for droplet guidance

In order to validate the analytical model proposed above, 
phase diagrams showing the experimental conditions that 
verify Fmy > Fd sin θ are given in Fig. 5. In these experi-
ments, the droplet size and the magnetic beads quantity 
were kept constant, while B, θ as well as the oil flow rate 
were varied in order to study the influence of Fm, sin θ and 
Fd, respectively. B varied from 0 to 45 mT, θ from 15° to 
45° and oil flow rate from 2 to 10  µL/s corresponding to 

Fig. 5   Experimental phase diagrams obtained varying B, θ and the 
oil flow rate. Blue regions (black experimental points) show the oper-
ating conditions giving rise to efficient guidance while droplet disen-
gagement was observed in white region (white experimental points). 
Droplets with a diameter of 400  µm and loaded with 1.5  µg (106 
magnetic particles) of 1 µm magnetic particles were introduced in a 
600 µm height chamber
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a variation of flow speed from 1.6 to 8.2 × 10−3 m/s. As 
expected, two different regimes were identified: (1) drop-
lets were guided all along the rail (blue region) and (2) 
droplets disengaged from the rail (white region). As a gen-
eral trend, all phase diagrams clearly show that increas-
ing the flow rate and thus Fd, the magnetic field has to be 
increased in order to provide a Fm sufficient to lead to an 
effective guidance along the rail.

The influence of the rail orientation relative to the flow 
stream direction is also clearly observable. By comparing 
all diagrams, we can observe that the effective guidance 
window (blue region) decreases when θ increases, as esti-
mated by our model (see Eq. 4). In other words, large devi-
ation from the original droplet trajectory has to be coun-
terbalanced by an increase in the magnetic field intensity. 
For θ values above 45°, the maximum magnetic field pro-
vided by our electromagnetic coil (around 45 mT) was not 
sufficient to maintain the guidance even for flow velocities 
down to 2 µL/s (flow speed of 1.6 × 10−3 m/s).

Contrary to previously reported methods (DeRuiter et al. 
2014; Fradet et al. 2011), the guidance mechanism involved 
in this approach does not require any confinement of the 
droplet (sandwiched drops constrained by the top and bot-
tom boundaries). As a matter of fact, droplets with a diam-
eter of 400 µm (35 nL) were efficiently transported along 
the rails in a chamber of height up to 600 µm. Interestingly, 
experiments performed with slightly confined droplets 
(400-µm droplet and 400-µm-high chamber) did not show 
any influence of friction forces that could prevent droplets 
guiding along the rail.

Moreover, the smallest quantity of magnetic beads 
required to obtain an efficient guidance along the rails was 
1.5 µg (106 magnetic beads), and the smallest droplet vol-
ume tested in this work was 35 nL (400 µm in diameter). 
These results highlight the flexibility achievable with this 
platform in terms of droplet volumes and solid contents.

The concepts investigated in this study were validated 
for 400-µm droplets (35 nL), but they seem to be applicable 
to smaller droplets. Keeping constant the magnetic field, 
the main parameter influenced by a change in the droplet 
diameter is the drag force Fd that scales with the radius 
of the droplet. Decreasing the radius of the droplet while 
keeping the same particle content pushes the forces balance 
towards the magnetic confinement. This argument is valid 
as long as the total volume of particles is lower than the 
droplet volume itself. With a particle content of 106 par-
ticles, it is possible to consider droplets with a diameter 
down to 100 µm (size of the cluster for 106 particles). The 
distance between the droplet and the rail that increase for 
small droplets does not impede the trapping and guiding 
process. Indeed, if we consider a droplet of 100 µm located 
at a maximal distance of 300  µm above the rail (consid-
ering a microchamber of 400  µm height), simulations 

performed for 106 particles within the droplet suggest a 
magnetic force on z axis at about 800 nN which is above 
the buoyancy force (about 280 nN) thus meaning that trap-
ping mechanism is still efficient. The maximum amount of 
particles scales with Rd

3 (Rd radius of the droplet), mean-
ing that the magnetic force would decrease quickly with the 
droplet size. As a consequence, the validation of the trap-
ping mechanism for droplets below 100 µm (5 nL) would 
require a specific study and experimental validation that 
goes beyond the scope of this study.

3.4 � Droplet sorting, parking and merging

The advantage of the proposed technology is the possibility 
to activate and deactivate on demand the guidance proper-
ties of the ferromagnetic rails, by simply turning ON and 
OFF the external magnetic field. This approach offers the 
opportunity of addressing individually droplets by a tem-
poral synchronization of the rail activation with the drop-
lets position and thus to potentially control the trajectory of 
each droplet entering in the device. A proof of concept of 
the individual droplets sorting was performed in the device 
described in Fig. 6.

The traps are composed of out-of-plane structures that 
allow the oil to flow through but induce an increment of 
hydrodynamic resistance sufficient to drive the main flow 
streamlines around the structures. The dimension and posi-
tion of the traps have been optimized through COMSOL 
hydrodynamic simulations to prevent droplet trapping in 
the absence of magnetic field (Online resources Figure S4 
and video S1).

By turning ON the external magnetic field while the 
droplet passes over the desired rail, it is possible to deviate 
droplets from their initial trajectory and to drive them along 
the rail until they reach the inner part of trapping structures. 
Experiments show that in this configuration, the magnetic 
confinement force is sufficient to compensate for the flow 
deviation around the structures and push the droplets into 
the traps. COMSOL simulations were used to investigate 
the flow velocity profile around the trapping structures. As 
shown in the figure S4 (online resources), the pillars com-
posing the trap deviate the fluid flow and induce a lateral 
flow with a maximum velocity around 5.10−3  m/s for an 
average flow rate of 5 µL/s. The corresponding drag force 
on the droplet is about 3.8 nN and is well below the mag-
netic force submitted by the droplet in the y direction which 
vary from 50 to 400 nN (for current values from 1 to 3 A).

As shown on Fig. 6, the first droplet is sorted and parked 
in the trap 1 by turning ON the magnetic field when the 
droplet passed over the rail r1. Once the droplet is immo-
bilized, the magnetic field can be switched OFF, while 
the drag force exerted on the droplet keep them in a sta-
ble position in the trap. Following a similar procedure, the 
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following droplets could sequentially be sorted and stored 
from trap 2–4 by sequentially activating r2 to r4 (Online 
resources video S2 and S3). By reversing the flow, droplets 
can be released from the traps for collection. Interestingly, 
by reversing the flow and keeping the field ON, the droplet 
can also be returned back to the inlet streamline (results not 
shown).

As all rails are activated simultaneously, one limitation 
arises from the fact that the rails have to stay active all 
along the droplet trajectory, until the droplet is stored in the 
appropriate trap. During this time frame, it is not possible 
to modify the status of the field and to process differently 
a new incoming droplet. The processing throughput is thus 
limited by the droplet speed, i.e. by the flow velocity. Here, 
complete guiding and storing steps were carried out with a 
throughput of 4 droplets/minute. Fast processing time can 
be achieved with higher flow rate and stronger magnetic 
power given the same trajectory length.

The same procedure can be advantageously used to 
perform a selective merging of droplets (Fig. 7a–d). After 
immobilizing a first set of droplets, a second train of drop-
lets can be introduced in the device and transported to the 
traps where a first droplet was stored. Once in contact, 
droplets located in the same trap can be kept intact and fur-
ther merged by increasing the flow velocity. In our device, 
we observed that droplet merging was occurring for flow 

rate higher than 15 µl/s (flow speed of 12.10−3 m/s), which 
corresponds to a Fd exerted on the second parked droplet 
of 31.4 nN. Above this threshold value, the hydrodynamic 
drag force exerted on a drop is sufficient to merge droplets 
and overcome the droplet stabilization effect provided by 
surfactants in the oil. In this geometry, passive diffusion is 
sufficient to mix the content of two droplets in t < 5 s. If a 
more efficient mixing is needed, the magnetic beads within 
the droplet can be used as an active micromixer by peri-
odically turning ON and OFF the magnetic field (Online 
resources video S4).

3.5 � Parallel enzymatic reactions

As a final proof of concept, we performed enzymatic reac-
tions to demonstrate the capabilities of the microdevice to 
monitor chemical reactions and to extract accurate infor-
mation from individual droplet (Fig. 8). We chose a well-
known system based on a peroxidase that cleaves the 
Amplex Red substrate into fluorescent Resorufin in the 
presence of H2O2. This system is usually used to measure 
H2O2 release from cells. A first set of four droplets contain-
ing the same quantity of magnetic beads coated with perox-
idase enzyme (corresponding to an enzyme concentration 
of 65  fM within the droplet) and Amplex Red (100  µM) 
were guided and stored individually in each trap. The same 
procedure was repeated with a second set of droplets con-
taining different concentrations of H2O2 ranging from 0 

Fig. 6   a Schematic view of the microdevice combining a magnetic 
rails network and a physical traps array. Droplets were generated and 
injected into the chamber using a syringe pump at a constant flow rate 
(5 µL/min). The rails (r1 to r4) were sequentially activated allowing 
the guidance and parking of the droplets individually in four different 
traps (1–4). The dashed lines represent the droplet trajectory in the 
absence of magnetic field. b Images show the sequential and selective 
droplet parking from trap 1 to trap 4. The scale bar is 400 µm

Fig. 7   Images sequence of droplets merging and mixing. a A first 
droplet of 50  nL containing a yellow dye was guided and parked.  
b A second droplet of 35 nL containing purple dye was transported and 
parked to the same trap. c A flow rate higher than 15 µL/s was applied 
to induce merging and, d complete mixing was observed after 4 s
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to 100 µM (i.e. from 0 to 50 µM final concentration after 
droplets merging). The second set of droplets was manip-
ulated by including in each droplet “biologically passive” 
magnetic particles coated with BSA to prevent non-specific 
adsorption. Droplets merging was induced simultaneously 
on all droplets by increasing the flow rate up to 15  µL/s 
(Fd =  31.4  nN). The four different independent reactions 
were monitored in parallel by measuring droplets fluores-
cent signal over time (Fig.  8a,b). First, the fluorescence 
increases with time at the beginning of the reaction then 
reaches a plateau. The non-specific fluorescent signal was 
measured with a droplet containing no H2O2; in this condi-
tion, no fluorescent signal was detected.

The enzyme kinetics of fluorescent Resorufin prod-
uct formation is governed by Michaelis–Menten equation 
(Eq. 5) (Copeland 2000).

where Vi is the initial reaction velocity, Vmax the maximum 
reaction velocity, Km the Michaelis–Menten constant and 
[S] the substrate concentration.

In our experimental conditions, the substrate concen-
tration was small as compared to Km value (Kengen et al. 
2001) (peroxidase Km value for H2O2 is 850 µM); therefore, 
Vi is proportional to H2O2 concentration (Berg et al. 2002). 
In our study, the initial reaction velocity corresponds to the 

(5)Vi =
Vmax × [S]

[S] + Km

initial rate of fluorescence, i.e. the slope of each reaction 
curves. The rates of fluorescence were 0, 0.9, 1.92 and 5.8 
for 0, 7.5, 15 and 50 µM H2O2 concentrations, respectively. 
The relative standard deviation was calculated to be 13 % 
based on three repetitions. The reported calibration curve 
for the determination of H2O2 concentration is shown in 
Fig. 8c. It represents the evolution of initial rate of fluores-
cence as a function of H2O2 concentration.

4 � Conclusion

In this work, we showed that the integration of miniaturized 
magnetic rails opens a novel way to manipulate droplets in 
microfluidic devices. We demonstrated the ability of the device 
to perform a sorting, trapping and merging sequence by com-
bining a magnetic rails network together with trapping struc-
tures placed at the extremity of each rail. This device can per-
form parallel chemical reactions that can be critical for multiple 
analytical and diagnostic procedures. We think that this plat-
form offers an efficient alternative to more complex and expen-
sive digital microfluidic devices, especially for applications 
that do not require high throughput, because of the following 
advantages: (1) simplicity of fabrication and use, (2) low cost, 
(3) selective manipulation of individual nanolitre droplets, (4) 
integration of complex operations (guidance, sorting, parking 
and merging) in a single device and (5) parallel analyses.

Fig. 8   a An example of fluorescent signal increase over time after 
droplets merging for a fixed enzyme (65 fM), Amplex Red (50 µM) 
and H2O2 (50 µM) concentration. The scale bar is 200 µm. b peroxi-
dase reactions kinetics in the fused droplets for four different H2O2 

concentrations keeping enzyme (65  fM) and Amplex Red (50  µM) 
substrate constant. c Calibration curve for the determination of H2O2 
within droplets
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The proposed device does not offer the level of flexibil-
ity provided by EWOD for droplets handling. Indeed, the 
integration of electrodes allows step-wise moving control 
functions that provide more flexibility to manipulate indi-
vidual droplet and perform merging and splitting functions 
without the need of hydrodynamic flows. Nevertheless, we 
think that the developed device is well adapted for simple 
and continuous processes involving sorting and analysis of 
nanolitre droplets. The simplicity of design and fabrication 
processes appear as clear advantages for the fabrication of 
low-cost analytical platforms integrating droplet genera-
tion, sorting and analytical operations. Moreover, magnetic 
forces have a long interaction range. This system could be 
easily combined with other magnetic concepts thus pav-
ing the way to multiple and complex analytical operations. 
The necessity of loading each droplet with a magnetic par-
ticle amount sufficient to provide guidance may appear as 
a limitation. Nevertheless, we demonstrated in our previ-
ous work devoted to magnetic tweezers that particles can be 
advantageously used as a support for capture and extraction 
purposes, thus serving two aims simultaneously. Besides, 
various magnetic particles with efficient “repulsive” coat-
ings are available in the market, so for most applications, 
we expect that magnetic particles can be used for guidance 
without interfering with the process under study inside the 
droplet. Extraction, purification and capture processes can 
be advantageously coupled to individual droplet handling 
for complex bioanalytical processes. Future work will be 
devoted to the coupling and integration of magnetic rails 
with magnetic tweezers in order to provide a fully integrated 
and flexible analytical platform for single-cell analysis.
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