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Directional motion of the foam 
carrying oils driven by the magnetic 
field
Xiaoxiao Dou, Zhewen Chen, Pingcheng Zuo, Xiaojian Cao & Jianlin Liu*

Foams are substances widely used the foam flooding technology, which aim to greatly improve 
the residual oil recovery. In the present study, we perform a comprehensive investigation on the 
oil removal process driven by the foam embedded with magnetic particles, under the action of the 
magnetic force. The experiment shows that the addition of magnetic particles has little effect on 
the stability of the foam. During the motion of the foam, its maximum displacement and maximum 
acceleration are fully explored. Such factors as the volume of the foam, the volume of the oil droplet, 
the mass concentration of magnetic particles, and the Young’s contact angle of surfactant on solid are 
surveyed in detail. The function curves of the maximum displacement and the maximum acceleration 
with respect to these variables are obtained in the experiment, and the selection of some optimal 
parameters is advised. Moreover, the dimensional analysis has been conducted and several scaling 
laws are given, which are in agreement with the experimental results. These findings are beneficial to 
understand the oil displacement with the aid of magnetic field, which also provide some inspirations 
on drug delivery, robots and micro-fluidics.

Foam is a kind of soft matter with special structures, which has the advantages of low density, strong ability 
to carry solid particles, little damage to the formation and easy to be discharged from the stratum1–3. In the 
petroleum engineering, foams are normally injected into the stratum under the external pressure, playing the 
role of the displacement medium. Due to the good plugging performance, foams are easier to block large pores, 
forcing the subsequent foams to penetrate into the pores with higher permeability. This would greatly increase 
the swept volume, thereby increasing the recovery of residual oils. However, the mechanism of foam flooding 
is not trivial, as it deals with properties of rocks, oil and foams. A central topic is how to enhance the regulation 
function of foams under external fields, to realize the goal of enhancement of oil recovery (EOR). From the 
viewpoint of mechanics, the deformation and motion of foams under these input energy is still lacking, and a 
lot of related work is ongoing.

A great deal of efforts have been made to explore the physical and chemical properties of foams, via experi-
ments and numerical simulations. Raza4 carried out the experiment to study the factors affecting the foam 
performance in porous media. He found that the type of foaming agent and the concentration of foaming agent 
solution, mainly determine the physical characteristics of foams. In order to improve the stability of the foam, 
Horozov et al.5 proposed to add nanoparticles into the foam system. They declared that the nanoparticles could 
be adsorbed on the gas–liquid interface of the foam, which increases the flow resistance of the liquid and thus 
slows the drainage of the liquid film. Based on this idea, Sun et al.6,7 prepared a foam system composed of silica 
nanoparticles and sodium dodecyl sulfate, and found that these two components have a good synergistic foam 
stabilization effect. Sethrmadhavan et al.8 verified this conclusion through a series of numerical simulations. 
They also drew the conclusion that the nanoparticles could effectively reduce the thinning rate of liquid film 
and significantly improve the stability of foam system. It should be mentioned that, most of these studies only 
give some qualitative results, and a quantitative description of foam flooding process has rarely been reported. 
Another question is that, merely exerting the pressure field is not powerful enough to realize the efficient propul-
sion of oils in rocks. The reason is that, the influence area of foam fluids under the action of gravity and capillary 
force is very limited, which cannot lead to an excellent effect on the oil displacement efficiency.

Many experiments show that, the overall control of foam flooding by external fields can effectively increase 
its swept area, which is of great significance to the evolution of foam movement and deformation in pore chan-
nels. Among others, the magnetic field is expected to be used in foam flooding, which lies in its advantages of 
non-contact control, high degree of freedom, convenient design, flexible use, etc. Besides adopted in petroleum 
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engineering, the magnetic field has huge application prospects in many other engineering fields, such as drug 
delivery9, micro-device control10 non-destructive flaw detection11 and minimally invasive surgery12,13. For exam-
ple, in the field of magnetic robots, the three-dimensional magnetization printing technology has been applied 
to prepare soft robots capable of complex shape changes, including deformable soft electronic devices, soft micro 
robots that can jump, crawl, roll, and transport drug doses14–17. In microfluidics, Zhao et al.18 used ferromagnetic 
micro-nanoparticles to prepare liquid marbles or particle rafts to obtain a magnetic field responsive intelligent 
material to control its movement and deformation through magnetic field loading. This phenomenon greatly 
enhances the possibility of real-time manipulation of micro-fluidics. Legchenkova et al.19 used a stable magnetic 
field to drive millimeter soap and glycerin bubbles floating on the liquid. They declared that the role of grav-
ity in the displacement of a floating diamagnetic object driven by a stable magnetic field is negligible, and this 
gives a partial explanation for the movement mechanism of the bubble under the action of the magnetic field. 
Roy et al.20 proposed a diamagnetic droplet movement model driven by a permanent magnetic field, and the 
associated movement of silicone oil bubbles was studied. Moreover, Borglin et al.21 simulated the Ferro fluid in 
a two-dimensional sand-filled slab in the laboratory. The result shows that the ferromagnetic fluid flows along 
the direction of the magnet under the action of magnetic force. In addition, as the distance from the magnet 
gets closer, the magnetic force becomes larger and the flow velocity increases. Hertshorne et al.22 used micro-
fluidic chips as visualized micro-scaled porous media to study the migration of magnetic fluids in pores, and 
the magnets were used to control the flow process. Chai et al.23 used the Ferro fluid slug in the microchannel as 
a kind of thruster to drive the front-end fluid flow under the action of an external magnetic field, and its func-
tion is similar to that of a micro-pump. Furthermore, Huang et al.24 analyzed the mechanism of ferromagnetic 
fluid flooding to enhance the oil recovery by a two-dimensional heterogeneous and fractured sand filling plate 
model, compared with the traditional water flooding. Although a plethora of work has been done on crude oil 
exploration by magnetic fluids, there remain some shortcomings for these fluids, such as poor sealing effect and 
weak oil washing ability, which affect their wider applications. Therefore, new displacement media with a strong 
oil displacement ability, high stability, and sensitive controllability are highly demanded.

Based on previous studies related with foams and magnetic fields, we propose a strategy to add magnetic 
particles into the mature foam system, and then the foam’s motion can be regulated under the action of magnetic 
field. This study is directed towards to explore the mechanism of enhancing the oil recovery with the aid of foams, 
especially in the underground porous rocks. The outline of this article is laid out as follows. In “Experiment” 
section, the experimental materials and methods are introduced. In “Results and discussion” section, the half-
life of the foam after adding magnetic particle is measured, the distribution of magnetic force on the magnetic 
particles is characterized, and the process of foam movement is described. The effects of four variables on the 
maximum displacement and maximum accelerations of the magnetic foam are investigated, including the vol-
ume of the foam, the volume of the oil droplet, the mass concentration of magnetic particles and the wettability 
of the substrate. The experimental results have been partially compared with the theoretical modeling, i.e. the 
dimensional analysis results. Finally, main conclusions follow in “Conclusions” section.

Experiment
Preparation of foams.  The material of the nanoparticle is the fumed silica, which is purchased from the 
Evonik Specialty Chemicals Co., Ltd. (China). The original diameter of the silica particle is 20 nm approximately. 
The Young’s contact angle of water on the original SiO2 nanoparticle material is 141.5° and that on the magnetic 
nanoparticle material is 126°, and these values are provided by the corporation. The Sodium Dodecyl Sulfate 
(SDS) with a purity of 92.5–99.9% is purchased from the McLean Biochemical Technology Co., Ltd. The deion-
ized water is used in all solutions.

The surfactant solution (SDS) with the volume of 3 ml is poured into the ultrapure water with the volume of 
97 ml, and then the mixture is stirred clockwise with a glass rod for 30 s to prepare the surfactant solution with 
the concentration of 3%. Next, SiO2 nanoparticles with the mass of 1 g and magnetic particles with different 
mass concentrations are added into the surfactant solution, and then we stir the mixture at a constant speed of 
8000 r/min for 60 s to prepare the magnetic foam.

In order to characterize the performance of the magnetic foam, let the mixed magnetic foam stand still for 
2 min to evaporate. The purpose is to break the large bubbles generated on the surface, which are caused by the 
uneven stirring process. We draw the magnetic foam with the volume of 2 ml by a syringe, where the syringe is 
2 cm away from the foam surface. In succession, we pour the prepared magnetic foam into a wide-range meas-
urement cylinder and put it into the measurement cylinder to record its half-life t50%.

Foam movement carrying oil droplet driven by the magnet.  As is shown in Fig. 1, a cylindrical mag-
net with a diameter of 90 mm is placed horizontally on the experimental table, and the base is connected to the 
mobile table. In the experiment, we keep the distance between the foam and the magnet as a constant, to ensure 
that the magnetic force exerted on the foam is invariable. We place the foam and oil droplet on the substrate, and 
the horizontal distance between the foam and the magnet is kept as a constant D = 10 mm. The magnetic field 
is applied on the foam with the duration time T = 20 s. It can be observed that, when the magnet moves with a 
constant speed, the magnetic foam moves directionally under the action of the magnetic force. The maximum 
displacement of the foam is designated as x, and the maximum acceleration of the foam is denoted by a.

In the experiment, we consider the following physical parameters: the volume of the foam VF, the volume of 
the oil droplet VO, the mass concentration of the magnetic particles CP, and the Young’s contact angle of surfactant 
θY . The effects of the above factors on the maximum displacement and maximum acceleration of the foam in the 
motion are analyzed. The viscosity of oil is measured as µO = 100 mPa·s, and the density of foam is ρ = 0.8 g/cm3.
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The effects of the volume of the foam, the volume of the oil droplet, the mass concentration of magnetic 
particles and the Young’s contact angle of surfactant on the maximum displacement and maximum accelera-
tion of the foam are thoroughly probed in the experiment. Firstly, when considering the influence of the foam 
volume, we keep the values VO = 1.5 cm3, CP = 2% and θY = 62 ± 0.3°. Then, the displacement and acceleration of 
the magnetic foam with different volumes of VF = 0.5, 1.0, 1.5, 2.0 and 2.5 cm3 are recorded respectively. Next, 
with other variables unchanged and the value of VF = 2 cm3, six different oil droplets with the volumes of VO = 0.3, 
0.5, 0.8, 1, and 1.2 cm3 are investigated. Thirdly, the magnetic nanoparticles with different concentrations of 
CP = 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, and 3.5% are explored, where the parameter values of other variables remain 
unchanged. At last, we use three substrates with different wettability, i.e. the acrylic plate, the glass plate, and 
the PTFE plate in the experiments. The surface of the substrate is smooth enough and the influence of friction 
is ignored during the experiment. The profile and contact angles of a liquid droplet on the solid substrate are 
captured by the contact angle goniometer (Biolin Scientific Corporation, Thetalit 100). The Young’s contact angles 
of the surfactant droplet deposited on the glass plate is θY = 62 ± 0.3°, that on the acrylic plate is θY = 86 ± 0.8°, 
and that on the PTFE plate is 126 ± 0.7°.

Results and discussion
Foam performance evaluation.  It should be noted that, the foam system is thermodynamically unstable, 
and how to form a stable foam is one central task to improve the oil recovery. The effect of nanoparticles on 
the stability of foam system is usually characterized by measuring the half-life of the foam t50%. In this way, the 
influence of the particle concentration, surfactants, and the external environment on the foam stability has been 
already investigated. In the experiment, we only pay attention to the effect of magnetic particles on the foam 
stability, where the concentration of SDS solution is kept at 3% and that of the SiO2 nanoparticles is kept at 1%. 
In the experiment, six types of magnetic particles with different concentrations are studied in order to study 
the foam stability, i.e. CP = 0%, 1%, 1.5%, 2%, 2.5%, 3% and 3.5%, where the half-life of the foam is measured. 
As shown in Fig. 2, the half-life of the foam does not change significantly with the increase of the magnetic 
particles, and the value is almost t50% = 10 min. This fact indicates that the surfactant solution and nanoparticles 

Figure 1.   Schematic diagram of the experimental setup.

Figure 2.   The function curve of the half-life of the foam with respect to the concentration of the magnetic 
particles.
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has reached saturation, and further addition of magnetic particles does not affect the foam system. During this 
situation, the entire system has arrived at a stable state, as the added nanoparticles only exist on the skeleton 
connected by the foam bubbles. This behavior can ensure the foam possesses a certain degree of stability, and 
then the prepared foam can respond quickly when subjected to the magnetic force. This experiment shows that 
nanoparticles play an essential role on the foam stability, as they increase the strength of the liquid film, slow 
down the discharge cycle, and help increase the value of t50%

25–27.

Magnetic field description.  We then characterize the magnetic force applied on the magnetic particle. In 
the analysis, all the units we used are SI system units. The magnetic force of a unit mass of magnetic particles F0 is 
correlated with the vacuum permeability µ0, the magnetic susceptibility of magnetic particles χ and the magnetic 
field strength H, with the expression of

where µ0 = 4π × 10−7 Tm/A. The value of H · ∇H can be expanded in terms of the matrix in the Cartesian coor-
dinate system O-xyz:

The magnetic field strength is expressed as H = Hxi + Hyj + Hzk, where i, j and k are three unit vectors along 
x, y and z directions, respectively.

The Cartesian coordinate system is shown in Fig. 1, and the magnetic field can be computed through the 
magnetic field module of COMSOL (COMSOL Multiphysics), which is demonstrated in Fig. 3a. Therefore, we 
can get the values of the three components of the magnetic force in three directions x, y and z. Evidently, the 
magnetic force in the x direction provides the driving force to propel the foam; in the y direction it causes the 
foam to move perpendicular to the direction of movement; and in the z direction it causes the deformation of the 
foam. As the effect of the magnetic force in the y direction is minute, it has been omitted in the following analysis.

It is observed in the experiment that, the foam collapses along z direction, and this phenomenon can be easily 
explained that the magnet generates a compressive force, and in the x direction the magnet produces a driving 
force to push the foam to move.

We then get the relationship between the magnetic force of magnetic particles with a unit mass F0 and the 
distance D through experiments. It is assumed that the magnetic particles are uniformly distributed in the foam 
during the foam generation process, the magnetic force applied on the foam can be expressed as F = F0m0, where 
m0 is the mass of all the magnetic particles distributed in the foam. Then the relationship between the magnetic 
force F and the distance D can be obtained, which is shown in Fig. 3b. The curve shows that as the distance 
increases, the magnetic force drops rapidly. For example, when D > 20 mm, the magnetic force is close to zero. 
By fitting the experimental data in Fig. 3b, we get the relation that F ~ D−2.23.

It is judged that the magnetic force F is mainly related to the distance D between the foam and the magnet, 
the volume of the foam VF, the concentration of magnetic particles CP, the density of foam ρ , the magnetic field 
action time T and the contact angle between the surfactant solution and substrate θY . The following expression 
can be made according to the dimensional analysis:

where bi (i = 1, 2, 3, …) is the power index of a physical quantity.

(1)F0 = µ0χH · ∇H ,
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Figure 3.   Magnetic force distribution map. (a) The cloud map of magnetic force per unit mass of magnetic 
particles, (b) The relationship between magnetic force and the distance D.
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From the theoretical aspect, when the other parameters are fixed, Eq. (3) reduces to F ~ D−2. It is seen that, 
the values of − 2.23 and − 2 are very close, which indicates the experimental result is reliable.

Magnetic foam moving process.  In the experiment, the snapshots of the magnetic foam at three stages 
are recorded, i.e. onset, interplay with oil droplet, and movement by carrying oils, which are shown in Fig. 4. 
Firstly, the end of the foam near the magnet is activated to move owing to the force of the magnetic field, with 
the distance D = 10 mm. Then under the action of the magnetic field, the foam is accelerated forward. When the 
elapsed time t = 3 s, the surfactant in the foam interacts with the oil droplet. As a result, the surface tension of the 
oil droplet in the acting part is suddenly reduced, and then the oil droplet cannot maintain the original stable 
state and become collapsed. When the time t = 6 s, more foams wrap the oil droplet to facilitate the emulsification 
of oil droplet. Next, when t = 8 s, the foam gradually emulsifies the oil droplet, and the oil droplet becomes one 
part of the whole foam–oil system. After that, the magnetic foam continues to move by carrying the oil under 
the magnetic force.

During the moving process of the foam, due to the adhesion force between the oil droplets and the substrate, 
the resistance of the foam–oil system gradually increases. When the time t = 12 s, the foam stops moving attrib-
uted to the resistance. Besides the adhesion between the oil and the substrate hindering the foam, it is observed 
that with the interaction between the surfactant in the foam and the oil film, some bubbles inside the foam 
may lose water and burst. It is also noticed that, part of the magnetic particles fall on the bottom of the foam 
under the influence of gravity. As a result, the regulating ability of the magnetic particles on the foam is greatly 
weakened, and finally the foam stops moving as the resistance of the substrate is bigger than the driving force 
of the magnetic field.

Maximum displacement of the foam.  The oil displacement ability of magnetic foam is mainly charac-
terized by the maximum displacement x and maximum acceleration a during the foam movement. Firstly, the 
influence of each variable mentioned above on the maximum displacement of the movement is explored by both 
experiments and theoretical analyses. Due to the complexity of the system, the dimensional analysis is made to 
discuss the above experimental results. The maximum displacement of the foam x is related with many factors, 
which mainly include the distance D, the volume of the oil droplet VO, the Reynolds number Re, the concentra-
tion of magnetic particles CP, the contact angle between surfactant solution and substrate θY . As a consequence, 
the scaling law can be obtained as

where µ is the viscosity of the oil, and v is the velocity of the foam. This scaling law can be definitely used to 
analyze the obtained experimental results. First, the dependence relation between the volume of oil droplet VO 
and the maximum displacement of the foam x is exhibited in Fig. 5a. It can be seen that, with the increase of VO, 
the value of x gradually decreases. Especially, when the value of VO is 0.3 cm3, the maximum displacement of the 
foam reaches 9.1 cm. This phenomenon can be elucidated that, the smaller the oil drop’s volume is, the smaller 
its adhesion area on the substrate is, and the smaller the resistant force is. Moreover, by fitting the experimental 
data in Fig. 5a, we get the relation that x ~ VO

−0.55. This power law relation can be verified by the dimensional 
analysis result given in Eq. (4). When the parameters D, VF, CP, and θY are fixed, Eq. (4) reduces to x ~ VO

−1/2. 
It can be seen that, the power values of − 0.55 and − 1/2 are very close, which indicates that the experimental 
result is consistent with that derived by the dimensional analysis, and thus the experiment is reliable. Obviously, 
the volume of the oil droplet is negatively related to the maximum displacement of the foam. In the petroleum 
engineering, too many oils with high-viscosity would greatly increase the adhesion strength with the reservoir. 
Thus increasing the concentration of the displacement fluid or increasing the external field strength is more 
conducive to reduce the adhesion of oils inside rocks, aiming to improve the oil recovery.
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Figure 4.   Snapshots of the magnetic foam option process. When t = 2 s, the foam starts to move; when t = 3 s, 
the foam comes into contact with oil droplet; and when t = 8 s, the foam starts to move with the oil droplet.
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Next, the relation between the volume of the foam VF and the maximum displacement x is displayed in Fig. 5b. 
The curve shows that, with the increase of VF, the value of x gradually increases. It is because that, when the 
volume of the foam is bigger, it includes more magnetic particles and induces a bigger driving force. In addition, 
with a bigger volume, the foam can more effectively envelop the oil droplet, and thus it can easily carry the oils. 
Similarly, by fitting the experimental data in Fig. 5b, we get the relation that x ~ VF

0.698. When the parameters D, 
VO, CP, and θY are fixed, the scaling law in Eq. (4) reduces to x ~ VF

2/3. It can be seen that, the values of 0.698 and 
2/3 do not differ much, which indicates that the prediction of theoretical analysis is in good agreement with the 
experimental data. It is obvious to find that, the volume of the foam has a great influence on the displacement 
effect. However, to keep the effectiveness of the foam is a kernel issue and it deals with the stability of the foam. In 
practice, the liquid film drainage will make the film thinner, and the thinner liquid film will eventually produce 
a cavity. As time goes by, the cavity gradually expands causing the liquid film to gradually collapse and disap-
pear, and finally causing the coalescence of bubbles. To form such an effective cavity in the liquid film, an energy 
barrier must be overcome, which determines the speed of bubble coalescence28. The spatial network structure 
formed by the interaction between the magnetic particles greatly increases the energy barrier. Altogether, the 
nanoparticles can weaken the drainage of the liquid film, and ultimately reduce the speed of the bubble coales-
cence, thereby greatly enhancing the stability of the foam.

However, although the scaling law can determine some power values and coefficient values, its function is 
very limited in some cases, especially when there are some dimensionless variables in the equation, such as the 
particle concentration and the Young’s contact angle. For instance, the dependence relation between the mass 
concentration of magnetic particles CP and the maximum displacement of the foam x is shown in Fig. 5c. It 
can be seen that, with the increase of CP, the value of x increases first and then decreases, i.e. the curve is not 
monotonic. Especially, when the value of CP is equal to 2.5%, the maximum displacement arrives at the extreme 
value xmax = 9.0 cm. When CP < 2.5%, the more magnetic particles are dispersed in the foam, the stronger the 
magnetic force of the foam becomes. However, with a further increase of CP, part of the magnetic powders inside 
the foam will sink on the bottom of the foam by gravity, and the magnetic particles fail to propel the foam. Then 
the relationship between x and CP can be expressed as x = A1C

b3
P  , and the power value b3 cannot be given via 

the scaling law as CP is a non-dimensional parameter. The coefficient Ai (i = 1, 2, 3, …) is used throughout this 
article. By fitting the experimental data, we get that b3 = 2 and A1 =  − 3.05 m. This behavior indicates that, there 
is an optimal choice for the magnetic particle concentration during oil displacement, which is beneficial to guide 
the practical technologies. It is easy to know that in the foam system in the absence of magnetic particles, the 
channels among bubbles are narrow. In this case multiple bubbles are closely connected, and the liquid film is 
pulled tightly under the action of surface tension. The added magnetic particles are mainly distributed in the 
Plateau channels among bubbles. With the increase of CP, the Plateau channels in the foam are widely occupied, 
and the bubble diameter grows smaller. When CP = 2.5%, most of the bubbles remain spherical or ellipsoidal, 
and the stability of the foam reaches the best.

Figure 5.   Dependence relationship between the maximum displacement x and various parameters, i.e. (a) the 
volume of the oil drop VO, (b) the volume of the foam VF, (c) the concentration of the magnetic particles CP, and 
(d) the Young’s contact angle θY.
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Finally, the maximum displacement of the foam x is also a function with respect to the Young’s contact angle 
between the surfactant solution and substrate θY , which is shown in Fig. 5d. The curve shows that, with the 
increase of θY , the maximum displacement goes on decreasing. This phenomenon can be explained that, the 
foam on a hydrophilic substrate is easier to form a lubricating film (precursor film) on the substrate surface, 
so that the oil droplet is completely emulsified and the foam bears a smaller resistance. On the contrary, the 
hydrophobic substrate can provide a larger resistant force and it will cause a smaller displacement. With the other 
parameters fixed, Eq. (4) reduces to x = A2θ

b4
Y  , and the undetermined parameters can be deduced by fitting the 

experimental data. The result shows that, the maximum displacement x is a quadratic function with respect to 
the Young’s contact angle, that is, x = 0.5θ2Y.

Maximum acceleration of the foam.  Another characterization of the foam’s oil displacement ability is 
the magnitude of the magnetic force, where we characterize it by using the acceleration. The moving process of 
the foam can be divided into two stages, i.e. firstly the foam moves alone, and secondly it moves by carrying oils. 
In stage 1, the experimental base is relatively smooth, so the frictional resistance of the base is ignored during 
the movement of the foam. In this period, the acceleration of the foam is a constant, and it is variable in the 
second stage.

As mentioned above, the maximum accelerations of the foam in the two stages are different, which can be 
expressed as a1 and a2, respectively. In the light of the Newton’s second law, the acceleration a1 can be obtained as

where m is the mass of the foam, and Eq. (3) is inserted for derivation.
We then verify the above scaling law on the basis of a series of experimental data. Firstly, the dependence rela-

tion between the foam’s volume and the maximum acceleration of the foam is shown in Fig. 6a. It can be seen that, 
the value of a1 gradually decreases with the increase of VF. Especially, when the value of VF is equal to 0.5 cm3, the 
acceleration of the foam reaches a1 = 7.2 mm/s2. This behavior is related to the regulation capability of magnetic 
particles on the overall foam. As the volume of the foam increases, the height of the foam will also increase, and 
the foam can collapse along the height direction as it is subjected to the magnetic force. In this process, part of 
the work done by the magnetic field on the whole foam is transformed into the foam’s own deformation energy 
and is lost, and as a consequence, the magnetic particles lose the capability to quickly drive the whole foam. By 
fitting the experimental data in Fig. 6a, we get the relation that a1 ~ VF

0.9791. From the theoretical aspect, when the 
parameters D, T, CP, and θY are fixed, Eq. (5) reduces to a1 ~ VF. It is seen that, the values of 0.9791 and 1 matches 
very well, which indicates that the experimental result is reliable.

Next, as shown in the non-monotonic curve in Fig. 6b, with the increase of CP, the acceleration first increases 
and then decreases. That is, there is an optimal particle concentration to arrive at an extreme acceleration for the 
foam, i.e. CP = 1.85%. When CP < 1.85%, the overall foam is modulated by the magnetic field, and its acceleration 
becomes bigger with the increase of CP. However, the magnetic particles with a high value of CP will coalesce in 
the foam, which will sink on the bottom of the foam under gravity, and this action will prevent the motion of the 
foam. Moreover, when the remaining parameters such as D, VF, T and θY are fixed, the relationship between a1 
and CP can be estimated as an exponential curve, that is, a1 ~ A3CP

b5. As mentioned above, the power and coef-
ficient in this equation can only be given based on the data fitting from the experimental dots of Fig. 6b, that is, 
b5 = 3, and the coefficient A3 can be given as 2.44 m/s2.

Similarly, the relation between θY and a1 is displayed in Fig. 6c, where the value of a1 decreases linearly with 
the increase of θY . Especially, when the value of θY is equal to 62°, the value of a1 is 8.3 mm/s2. The result shows 
that the maximum acceleration of the foam on the hydrophobic substrate is much smaller than that on the 
hydrophilic substrate. As shown in the figure, the maximum acceleration of the foam on the hydrophilic substrate 
is about 4 times that of the hydrophobic substrate. This law can also be explained by the precursor film around 
the foam as mentioned above. By fitting the experimental data, we get the relation between a1 and θY , which is 

(6)a1 =
F

m
∼

VF

D2T2
Cb5
P θ

b6
Y ,

Figure 6.   Dependence relationship between the maximum acceleration in the first stage a1 and various 
parameters, i.e. (a) the volume of the foam VF, (b) the concentration of the magnetic particles CP, and (c) the 
Young’s contact angle θY.
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written as a1 ~ A4θY
b6. As shown in Fig. 6c, a1 and θY satisfy a linear function relationship, that is, b6 = 1, and the 

coefficient A4 can be given as − 0.009 m/s2.
In stage 2, when the foam is in contact with the oil droplet, the foam’s speed becomes zero. Subsequently, the 

surfactant in the foam interacts with the oil droplets, causing the rapid decrease of the surface tension of the 
newly contacted oil film, and the foam continues to move forward under the magnetic force until the oil droplet 
is completely wrapped. In this situation, the system including foam and oil droplet is subject to the combined 
action of magnetic field force and adhesion resistance, and the acceleration of the foam–oil system gradually 
decreases. The maximum acceleration of this process satisfies the Newton’s second law a2 = Fʹ/m, where F ′ is the 
resultant force on the foam–oil system, including the magnetic force and the resistant force of the substrate. The 
resultant force is correlated with many factors, which mainly deal with the volume of the foam VF, the density 
of the foam ρ , the capillary numbers Ca, the magnetic field action time T, the volume of oil VO, the distance D, 
the concentration of magnetic particles CP, and the contact angle between surfactant solution and substrate θY . 
Through the dimensional analysis, we can get the following expression:

where γ is the surface tension of oil. According to the Newton’s second law, one can get the expression of the 
acceleration

Equation (9) can be naturally utilized to decipher the obtained experimental results. Firstly, the dependence 
relation between the volume of oil and the maximum acceleration is demonstrated in Fig. 7a. It can be seen that, 
with the increase of VO, the value of a2 persists in decreasing. Especially, there is an extreme value for the maxi-
mum acceleration 1.02 mm/s2 when the value of VO is equal to 0.3 cm3. This phenomenon can be explained that, 
the larger the oil droplet is, the less the foam can completely emulsify the oil droplet, which makes the adhesion 
force between the bottom of the oil droplet and the substrate bigger, and this would hinder the movement of the 
foam. Moreover, by fitting the experimental data in Fig. 7a, we get the relation that a2 ~ VO

−1.04. This power law 
relation can be verified by Eq. (9), which reduces to a2 ~ VO

−1. Evidently, the experimental value − 1.04049 fits 
the theoretical value − 1 very well, which indicates that the experimental result is consistent with that derived 
by the dimensional analysis.

Next, the relation between the volume of the foam and the maximum acceleration is displayed in Fig. 7b. With 
the increase of VF, the value of a2 gradually increases, as the influence of magnetic force on the foam decreases. 
Similarly, by fitting the experimental data in Fig. 7b, we get the relation that a2 ~ VF

2.136. When the other param-
eters are fixed, Eq. (9) reduces to a2 ~ VF

2 in theory. It can be seen that, the values of 2.136 and 2 are very close, 
which indicates that the theoretical prediction is in agreement with the experimental data.

Thirdly, the dependence relation between CP and a2 is shown in Fig. 7c, where the value of a2 increases first 
and then decreases with the increase of CP. This indicates that there must be an optimal value for the particle 
concentration. In particular, when the value of CP is 2.0%, the value of a2 arrives at an extreme value 1.1 mm/
s2. It is also noted that the acceleration in the second stage is much smaller than that in the first stage. Similarly, 
the relationship between a2 and CP can be given as a2 ~ A5CP

b9. By fitting the experimental data, the parameters 
can be identified as b9 = 3 and A5 = 0.1923.

Finally, as shown in Fig. 7d, the maximum acceleration decreases with the increase of the Young’s contact 
angle between the surfactant solution and substrate. By fitting the experimental data in Fig. 7d, the value of a2 
is expressed as a linear function with respect to the Young’s contact angle if the other parameters are fixed, that 
is, a2 ~ A6θY

b10, where b10 = 1 and the coefficient A6 is − 0.0283.

Conclusions
In conclusion, the motion of a foam with magnetic nanoparticles under the action of a magnetic field is com-
prehensively studied in the present work. Firstly, the half-life of the magnetic foam is measured by varying the 
concentration of magnetic particles, and the experiment shows that the magnetic particles have little effect on 
the half-life of the foam. The magnetic force per unit mass of magnetic particles in the magnetic field is measured 
through experiments. The maximum displacement and maximum acceleration of the foam are fully investigated 
via experiments and theoretical analyses. The critical factors including the volume of the foam, the volume of 
the oil droplet, the mass concentration of magnetic particles and the Young’s contact angle of surfactant on solid 
are surveyed as controllable variables. The function curves of the maximum displacement and the maximum 
acceleration with respect to these variables are given in the experiment, and some optimal parameter values are 
advised for selection in engineering. The experimental relations can be partially verified by the scaling laws, 
and the other values for the power and coefficient can be obtained via data fitting. These findings are beneficial 
to understand the oil displacement with the aid of magnetic field, which provide some inspirations for drug 
delivery, robots and micro-fluidics.

(7)F ′ ∼
Ca

D2T2

ρV3
F

VO

Cb7
P θ

b8
Y ,

(8)Ca =
µOv

γ
,

(9)a2 =
F ′

m
∼

Ca

D2T2

V2
F

VO

Cb9
P θ
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Y .



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:21282  | https://doi.org/10.1038/s41598-021-00744-2

www.nature.com/scientificreports/

Received: 31 July 2021; Accepted: 8 October 2021

References
	 1.	 Parker, A. R. & Lawrence, C. R. Water capture by a desert beetle. Nature 414(6859), 33–34. https://​doi.​org/​10.​1038/​35102​108 

(2001).
	 2.	 Stewart, D. The quest to quench. Nat. Wildl. 42, 52–56 (2004).
	 3.	 Zheng, Y. M. et al. Directional water collection on wetted spider silk. Nature 463(7281), 640–643. https://​doi.​org/​10.​1038/​natur​

e08729 (2010).
	 4.	 Raza, S. Foam in porous media: Characteristics and applications. Soc. Pet. Eng. AIME 10(4), 328–336. https://​doi.​org/​10.​2118/​

2421-​PA (1969).
	 5.	 Horozov, T., Aveyard, R., Clint, J. & Neumann, B. Particle zips: Vertical emulsion films with particle monolayers at their surfaces. 

Langmuir 21(6), 2330–2341. https://​doi.​org/​10.​1021/​la047​993p (2005).
	 6.	 Sun, Q., Li, Z. M., Li, S. Y., Li, B. F. & Zhang, C. Synergetic effect on foam stabilized by nano-SiO2/SDS system and oil displacement 

experiment. J. Petrochem. Univ. 27(6), 36–41. https://​doi.​org/​10.​3969/j.​issn.​1006-​396X.​2014.​06.​009 (2014).
	 7.	 Sun, Q. et al. Utilization of surfactant-stabil ized foam for enhanced oil recovery by adding nanoparticles. Energy Fuels 28(4), 

2384–2394. https://​doi.​org/​10.​1021/​ef402​453b (2014).
	 8.	 Sethumadhavan, G. N., Nikolov, A. D. & Wasan, D. T. Stability of liquid films containing monodisperse colloidal particles. J. Colloid 

Interf. Sci. 240(1), 105–112. https://​doi.​org/​10.​1006/​jcis.​2001.​7628 (2001).
	 9.	 Sitti, M. et al. Biomedical applications of untethered mobile milli/microrobots. Proc. IEEE 103(2), 205–224. https://​doi.​org/​10.​

1109/​JPROC.​2014.​23851​05 (2015).
	10.	 Ceylan, H., Giltinan, J., Kozielski, K. & Sitti, M. Mobile microrobots for bioengineering applications. Lab Chip 17(10), 1705–1724. 

https://​doi.​org/​10.​1039/​C7LC0​0064B (2017).
	11.	 Kim, Y., Parada, G. A., Liu, S. & Zhao, X. Ferromagnetic soft continuum robots. Sci. Robot. 4(33), 1–15. https://​doi.​org/​10.​1126/​

sciro​botics.​aax73​29 (2019).
	12.	 Sitti, M. Miniature devices: Voyage of the microrobots. Nature 458(7242), 1121–1122. https://​doi.​org/​10.​1038/​45811​21a (2009).
	13.	 Nelson, B. J., Kaliakatsos, I. K. & Abbott, J. J. Microrobots for minimally invasive medicine. Annu. Rev. Biomed. Eng. 2010(12), 

55–85. https://​doi.​org/​10.​1146/​annur​ev-​bioeng-​010510-​103409 (2010).
	14.	 Kim, Y., Yuk, H., Zhao, R. K., Chester, S. A. & Zhao, X. H. Printing ferromagnetic domains for untethered fast-transforming soft 

materials. Nature 558(7709), 274–279. https://​doi.​org/​10.​1038/​s41586-​018-​0185-0 (2018).
	15.	 Lee, H. J. et al. 3D-printed programmable tensegrity for soft robotics. Sci. Robot. 5(45), 1–11. https://​doi.​org/​10.​1126/​sciro​botics.​

aay90​24 (2020).

Figure 7.   Dependence relationship between the maximum acceleration in the second stage a2 and various 
parameters, i.e. (a) the volume of the oil drop volume VO, (b) the volume of the foam VF, (c) the concentration of 
the magnetic particles CP, and (d) the Young’s contact angle θY.

https://doi.org/10.1038/35102108
https://doi.org/10.1038/nature08729
https://doi.org/10.1038/nature08729
https://doi.org/10.2118/2421-PA
https://doi.org/10.2118/2421-PA
https://doi.org/10.1021/la047993p
https://doi.org/10.3969/j.issn.1006-396X.2014.06.009
https://doi.org/10.1021/ef402453b
https://doi.org/10.1006/jcis.2001.7628
https://doi.org/10.1109/JPROC.2014.2385105
https://doi.org/10.1109/JPROC.2014.2385105
https://doi.org/10.1039/C7LC00064B
https://doi.org/10.1126/scirobotics.aax7329
https://doi.org/10.1126/scirobotics.aax7329
https://doi.org/10.1038/4581121a
https://doi.org/10.1146/annurev-bioeng-010510-103409
https://doi.org/10.1038/s41586-018-0185-0
https://doi.org/10.1126/scirobotics.aay9024
https://doi.org/10.1126/scirobotics.aay9024


10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:21282  | https://doi.org/10.1038/s41598-021-00744-2

www.nature.com/scientificreports/

	16.	 Xu, T. Q., Zhang, J. C., Salehizadeh, M., Onaizah, O. & Diller, E. Millimeter-scale flexible robots with programmable three-
dimensional magnetization and motions. Sci. Robot. 4(29), 1–12. https://​doi.​org/​10.​1126/​sciro​botics.​aav44​94 (2019).

	17.	 Cui, J. Z. et al. Nanomagnetic encoding of shape-morphing micromachines. Nature 575(7781), 164–168. https://​doi.​org/​10.​1038/​
s41586-​019-​1713-2 (2019).

	18.	 Zhao, Y., Fang, J., Wang, H. X., Wang, X. G. & Lin, T. Magnetic liquid marbles: Manipulation of liquid droplets using highly 
hydrophobic Fe3O4 nanoparticles. Adv. Mater. 22, 707–710. https://​doi.​org/​10.​1002/​adma.​20090​2512 (2010).

	19.	 Legchenkova, I. et al. Magnetically inspired deformation of the liquid/vapor interface drives soap bubbles. Surf. Innov. 6(4–5), 
231–236. https://​doi.​org/​10.​1680/​jsuin.​18.​00022 (2018).

	20.	 Roy, P. K. et al. Magnetic field induced motion of water droplets and bubbles on the lubricant coated surface. Colloids Surf., A 597, 
124773. https://​doi.​org/​10.​1016/j.​colsu​rfa.​2020.​124773 (2020).

	21.	 Moridis, G. J., Borglin, S. E., Oldenburg, C. M. & Becker, A. Theoretical and experimental investigations of ferrofluids for guiding 
and detecting liquids in the subsurface. FY 1997 annual report. Office of Scientific & Technical Information Technical Reports. 
https://​doi.​org/​10.​2172/​296663 (1998).

	22.	 Hartshorne, H., Backhouse, C. & Lee, W. Ferrofluid-based microchip pump and valve. Sens. Actuator B-Chem. 99(2), 592–600. 
https://​doi.​org/​10.​1016/j.​snb.​2004.​01.​016 (2004).

	23.	 Chai, M. & Nguyen, N. A stepper micropump for ferrofluid driven microfluidic systems. Micro Nanosyst. 1(1), 17–21. https://​doi.​
org/​10.​2174/​18764​02910​90101​0017 (2009).

	24.	 Huang, T. et al. Numerical simulation on ferrofluid flow in fractured porous media based on discrete-fracture model. Open Phys. 
https://​doi.​org/​10.​1515/​phys-​2017-​0041 (2017).

	25.	 Zhou, R. F. et al. Foaming ability and stability of silica nanoparticle-based triple-phase foam for oil fire extinguishing: Experimental. 
Soft Mater. 16(4), 327–338. https://​doi.​org/​10.​1080/​15394​45X.​2018.​15188​78 (2018).

	26.	 Zang, D. Y. et al. Viscoelastic properties of silica nanoparticle monolayers at the air-water interface. Eur. Phys. J. E 31(2), 125–134. 
https://​doi.​org/​10.​1140/​epje/​i2010-​10565-7 (2010).

	27.	 Stocco, A. et al. Aqueous foams stabilized solely by particles. Soft Matter 7(4), 1260–1267. https://​doi.​org/​10.​1039/​C0SM0​1290D 
(2011).

	28.	 Zhang, C. et al. CO2 foam properties and the stabilizing mechanism of sodium bis (2-ethylhexyl) sulfosuccinate and hydrophobic 
nanoparticle mixtures. Soft Matter 12(3), 946–956. https://​doi.​org/​10.​1039/​c5sm0​1408e (2016).

Acknowledgements
The authors greatly appreciate the financial support of the National Natural Science Foundation of China 
[11972375, 11911530691], and Key R & D Program in Shandong Province [ZR202011050038, 2019GHZ001].

Author contributions
X.D.: Writing—original draft. Z.C.: Methodology. P.Z.: Software, Validation. X.C.: Formal analysis. J.L.: Supervi-
sion, Writing—review and editing.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1126/scirobotics.aav4494
https://doi.org/10.1038/s41586-019-1713-2
https://doi.org/10.1038/s41586-019-1713-2
https://doi.org/10.1002/adma.200902512
https://doi.org/10.1680/jsuin.18.00022
https://doi.org/10.1016/j.colsurfa.2020.124773
https://doi.org/10.2172/296663
https://doi.org/10.1016/j.snb.2004.01.016
https://doi.org/10.2174/1876402910901010017
https://doi.org/10.2174/1876402910901010017
https://doi.org/10.1515/phys-2017-0041
https://doi.org/10.1080/1539445X.2018.1518878
https://doi.org/10.1140/epje/i2010-10565-7
https://doi.org/10.1039/C0SM01290D
https://doi.org/10.1039/c5sm01408e
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Directional motion of the foam carrying oils driven by the magnetic field
	Experiment
	Preparation of foams. 
	Foam movement carrying oil droplet driven by the magnet. 

	Results and discussion
	Foam performance evaluation. 
	Magnetic field description. 
	Magnetic foam moving process. 
	Maximum displacement of the foam. 
	Maximum acceleration of the foam. 

	Conclusions
	References
	Acknowledgements


