
 

28 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. FEB 2017, VOL. 19, ISSUE 1. ISSN 1392-8716  

2297. A novel magnetic fluid shock absorber with 
levitating magnets 

Jie Yao1, Jianjun Chang2, Decai Li3 
School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University,  
Beijing 100044, China 
3Corresponding author 
E-mail: 113116325@bjtu.edu.cn, 213121250@bjtu.edu.cn, 3dcli@bjtu.edu.cn 
Received 28 April 2016; received in revised form 12 September 2016; accepted 29 September 2016 
DOI https://doi.org/10.21595/jve.2016.17113 

Abstract. The paper presents a shock absorber whose working element includes two magnetic 
fluid rings around a group of magnets. The damping efficiency of this shock absorber is 
investigated by the free oscillations of an elastic plate and can be well explained with the classical 
equations of motion. In the shock absorber, a nonlinear equivalent stiffness is provided by the 
magnetic repulsion force, which controls the movement of the working element and varies in 
conformity to a power law. Through the theoretical and experimental study on the magnetic 
repulsion force, the nonlinear equivalent stiffness is determined and depends on the initial distance 
between the working element and the repulsion magnet. For an oscillation with the amplitude of 
1mm and frequency of 1.1 Hz, the damping efficiency is inversely proportional to the nonlinear 
equivalent stiffness. 
Keywords: magnetic fluid, shock absorber, hydrodynamics, energy dissipation. 

1. Introduction 

Magnetic fluid, also called ferrofluid, is a kind of colloidal liquid made of nanoscale 
ferromagnetic, or ferrimagnetic, particles suspended in a carrier fluid, typically water, oil or ester, 
which has lots of outstanding magnetic and rheological properties in response to impressed 
magnetic field [1, 2]. A number of engineering applications of magnetic fluid have been found 
since it was available in the mid-1960s [3-5]. Eliminating the vibration was one of the most 
prospective applications of magnetic fluid [6]. Like the magnetorheological (MR) fluid, an earlier 
liquid magnetic material with the micrometre-scale particles, the magnetic fluid is also expected 
as a controllable damping material in the presence of an external magnetic field. Hence there are 
some attempts in using the magnetic fluid to develop the vibration isolator [7, 8]. However, the 
apparent viscosity of the magnetic fluid increases slightly with the increase of the external 
magnetic field. And no matter how strong magnetic field is, its yield stress is almost negligible. 
Therefore, the control range of the damping in these devices will be limited compared with that 
using magnetorheological (MR) fluid.  

Everything has two sides. A small apparent viscosity in strong magnetic field means an 
extremely great fluidity. Such a relatively ‘softer’ magnetic fluid shows its advantages in various 
dampers [9-12]. The magnetic fluid is inserted in the space between moving parts and stationary 
parts, being retained by strong magnetic forces. The magnetic field can be generated by the 
permanent magnet or electromagnet. The magnetic fluid may fill or partially fill the damper space. 
Relative motion between the two parts is damped by a shear force resulting from the flow of the 
magnetic fluid, which reduces the oscillation and extension of the moving parts. In recent years, 
the viscous properties of magnetic fluid are also used in the tuned liquid damper (TLD) to enhance 
the performance of the TLD [13, 14]. The TLD with a magnetic fluid as the working fluid is called 
a tuned magnetic fluid damper (TMFD). The TMFD has a characteristic that the natural sloshing 
frequency can be changed by the external magnetic field. 

But more interestingly, in order to eliminate the local oscillation of the solar panels and 
antennae, several shock absorbers using the unusual self-levitation of an immersed magnet are 
proposed in [15-18]. The unique buoyancy phenomenon is defined as the second kind levitation 
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principle of ferrofluid in [19, 20]. Unlike a piezoelectric material, without the external power 
supply (zero energy waste) is one of the most important advantages for these devices. 

In particular, a magnetic fluid shock absorber is presented in [15], which exploits a magnetic 
fluid drop with a self-levitating permanent magnet as a dissipating element when the external 
oscillations are applied. Its excellent performance with small amplitude (less than 1mm) and small 
frequency (less than 1 Hz) is best for removing the vibration problems in spacecraft technologies.  

Another innovative magnetic fluid shock absorber is presented in [16, 17]. Actually, the device 
exploits a magnet free-to-move inside a nonmagnetic body filled with magnetic fluid. A non-linear 
repulsion force resulting from the compression of the magnetic fluid will bounce the magnet back. 
However, the joint action of the Couette and Poiseuille flow will lead to a large damping 
coefficient. So, it is difficult to remove the oscillation with small amplitude (less than 3 mm). If 
the device only needs a small amount of magnetic fluid, it will be a Lanchester-like passive 
damper. 

A Lanchester-like passive damper shows a good experimental result in [18]. The limit of the 
flow has been addressed, but the repulsion force disappears. For reducing low-amplitude 
oscillations, an electromagnet is located at the extremity of the tube. The idea to use the magnetic 
repulsion force as a secondary mass in shock absorber offers an opportunity to change the stiffness, 
which means an active damper instead of a passive one. However, it is inevitable for the 
consumption of the electric energy provided by the solar panels. 

In this paper, a magnetic fluid shock absorber based on the self-levitating permanent magnets 
is presented. Two magnetic fluid rings can not only provide the working element a light mobility 
due to liquid fluidity, but also work as a kind of viscous damping  
materials. During the oscillation, the equilibrium location of the working element is maintained 
by a magnetic repulsion force, which results from two repulsion magnets fixed at the ends of the 
cylindrical body. Such a shock absorber can operate with a nonlinear stiffness varying in 
conformity to a power law. It means that the larger amplitude is applied to the device, the larger 
stiffness will increase. Therefore, this design can prevent the working element from hitting the 
body. The damping efficiency of this shock absorber will be discussed in the following sections. 

2. Structure design 

The magnetic fluid shock absorber is presented in Fig. 1. It includes a cylindrical body made 
of non-magnetic material, a working element and two repulsion magnets. The working element 
consists of two magnetic fluid rings and a group of magnets, which can suspend steadily in the 
body due to the compression of the magnetic fluid. So, the working element is the most sensitive 
to the influence of external oscillations due to liquid fluidity. Two repulsion magnets are fixed at 
the ends of the cylindrical body, which provides a magnetic repulsion force to maintain the axial 
position of working element in the body. Changing the strength of the forces allows modifying 
the performance and working range of the shock absorber.  

 
a) 

 
b) 

Fig. 1. a) Scheme of the magnetic fluid shock absorber and b) the working element 

When the working element moves from the initial position under the influence of external 
oscillations, the flow of magnetic fluid will occur in the gap between the supporting magnets and 
the body. The damping depends on the physical characteristic of the magnetic fluid, magnets, 
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body and their geometry. To exclude the influence of compressing air, two holes are opened at the 
ends of the body near the two repulsion magnets, respectively. The same design can be found in 
[18]. 

In preliminary tests of an experimental model, the performance parameter of the shock 
absorber is tested by the free oscillations of an elastic plate with one end fixed and the other free 
as shown in Fig. 2. For the damping system with two degrees of freedom in free vibration, the 
equations of motion are: ݉ଵݔሷଵ + ሶଵݔଵܥ + ௥ܨ + ଵݔଵܭ + ௠ܨ = 0, ݉ଶݔሷଶ − ௥ܨ − ௠ܨ = 0, (1)

where ݉ଵ is the equivalent mass of the body, magnetic fluid and elastic plate, ݉ଶ is the mass of 
working element, ݔଵ  and ݔଶ  are the displacements of the elastic plate and working element, 
respectively, ܥଵ and ܭଵ are the equivalent damping and the equivalent stiffness of the elastic plate, 
respectively, ܨ௥ is the fluid resistance and ܨ௠ is the magnetic repulsion force. 

 
Fig. 2. Scheme of the elastic plate 

 

 
Fig. 3. A mechanical model for analysis  

of the flow of the magnetic fluid 

3. Theory analysis 

3.1. Calculation of the fluid resistance 

The mechanical model of the magnetic fluid in the gap between the body and the supporting 
magnets is shown in Fig. 3. The lines ܤܣ and ܦܥ represent the magnetic fluid film. 

When the body oscillates, the fluid resistance acting on the working element results from the 
joint action of the capillary force and the hydrodynamic drag force. 

For small ratio (ܴ௕ − ܴଵ) ܴଵ⁄ , the hydrodynamic drag force between the body and the fluid 
can be estimated approximately: 

௙ܨ = න߬ห ௥ୀோ್݀ܣ஺ = − න (ܪ)ߟ ݎ߲ݒ߲ ห ௥ୀோ್஺ ,ܣ݀ (2)

where ܣ is the external surface, ܴ௕ is the inner diameter of the body. The viscosity (ܪ)ߟ is only a 
function of magnetic field under the condition of a small oscillating frequency. 

The viscosity for a planar Couette flow under the magnetic field can be given by [21]: 

(ܪ)ߟ = ଴ߟ ൬1 + 32 ߮ ߙ − tanhߙߙ + tanhߙ sinଶߠ൰, (3)
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where ߙ = ܪ଴݉ߤ ⁄ܭܶ , ߮ is the volume fraction of the magnetic fluid, ߟ଴ is the viscosity of the 
magnetic fluid in the absence of a magnetic field, ߠ is the angle between magnetic field and 
vorticity. For a large magnetic field and the magnetic field ܪ perpendicular to the vorticity Ω, the 
viscosity is found: (ܪ)ߟ = ଴ߟ ൬1 + 32 ߮൰. (4)

The pressure and temperature can be assumed to be constants in case of a small amplitude and 
Reynolds numbers. The no-slip condition will set the fluid into steady motion (ݎ)ݒ, while ݒఏ and ݒ௥ will be zero. According to Navier-Stokes equation, the axial momentum equation reduces to: 

∇ଶ(ݒ) = ݎ1 ݎ߲߲ ൬ݎ ൰ݎ߲ݒ߲ = 0. (5)

So, the velocity profile has the form: ݒ = (ݎ)ଵ∗lnܥ + ଶ∗, (6)ܥ

with the boundary conditions ݒ(ܴ௕) = 0 and ݒ(ܴଵ) = ଴ݒ) ଴ݒ = ሶଶݔ −  ሶଵ is the relative velocityݔ
between the magnets and the body), the solution is: 

ݒ = ଴ݒ ln(ݎ ܴ௕⁄ )ln(ܴଵ ܴ௕⁄ ) ,  ߬ = (ܪ)ߟ− ln(ܴଵݎ଴ݒ ܴ௕⁄ ). (7)

Using Eqs. (2), (4) and (7), the hydrodynamic drag force finally writes: 

௙ܨ = ଴ߟ− ൬1 + 32 ߶൰ ln(ܴ௕ߨ2 ܴଵ⁄ ) 2ℎଵݒ଴, (8)

where ܴଵ and ℎଵ are the diameter and height of the supporting magnet, respectively.  
The capillary force acting against the motion is: ܨ௖௔௣ = 2݈௖ߪ(cosߠ௥ − cosߠ௔), (9)

where ߪ is the surface tension of the magnetic fluid, ߠ௔ and ߠ௥ are the advancing and receding 
contact angles. ݈௖ is the contact length between the magnetic fluid and the body, which depends 
on the volume of magnetic fluid. Compared with the magnitude of the hydrodynamic drag force, 
the capillary force is so small that it can be reasonably neglected. So, the fluid resistance can be 
rewritten: 

௥ܨ = ଴ߟ− ൬1 + 32 ߶൰ ln(ܴ௕ߨ2 ܴଵ⁄ ) 2ℎଵݒ଴ = ሶଶݔ)௘௤ܥ− − .(ሶଵݔ (10)

3.2. Calculation of the magnetic repulsion force 

Fig. 4. shows the model of the magnetic repulsion force. 
When the working element moves away from the center point ܱ଴ to the point ଵܱ, the force 

equilibrium relationship will be broken. So ܨ௠ can be written: 

௠ܨ = ෍ ௠,௜(݈௜)ܨ − ௠,௜(݈ଵܨ − ݈௜ − ℎ௜)௡
௜ୀଵ , (11)
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where ܨ௠,௜ and ݈௜ are the force and distance between the left repulsion magnet and the magnet 
with No. ݅ , respectively, ݊ is the number of a combination of magnets and ݈ଵ  is the distance 
between two repulsion magnets. The solution of the force ܨ௠,௜ is introduced in [22]. The force ܨ௠,௜ may be written: 

௠,௜(݈௜)ܨ = ݇଴ න ାஶݍ(ݍ)ଶܬ
଴ sinh ൬ݍ ℎ଴2ܴ଴൰ sinh ൬ݍ ℎ௜2ܴ௜൰ ݁ି௤ଶ௟೔ା௛బା௛೔ோబାோ೔ ௠,௜(݈ଵܨ,ݍ݀ − ݈௜ − ℎ௜) = ݇଴ න ାஶݍ(ݍ)ଶܬ

଴ sinh ൬ݍ ℎ଴2ܴ଴൰ sinh ൬ݍ ℎ௜2ܴ௜൰ ݁ି௤ଶ(௟భି௟೔)ା௛బି௛೔ோబାோ೔  ,ݍ݀
݈௜ = ݈଴ − Δݔ + ෍ ℎ௝௝ழ௜

௝ୀଵ , (12)

where ݇଴ =  is the magnetization of magnets, ܴ଴ and ℎ଴ are the radii and heights ܯ ,ଶܴ଴ܴ௜ܯ଴ߤߨ4
of the repulsion magnets, respectively, ܴ௜ and ℎ௜ are the radii and heights of the combination of 
magnets, respectively, (ݍ)ܬ is a modified Bessel function of the first kind. A simpler equation for 
distances larger than the diameter of magnets is described by the expression: 

௠,௜(݈௜)ܨ = ݇଴ ܴ଴ܴ௜16 ൤ 1(݈௜)ଶ + 1(݈௜ + ℎ௜ + ℎ଴)ଶ − 1(݈௜ + ℎ଴)ଶ − 1(݈௜ + ℎ௜)ଶ൨,
௠,௜(݈ଵܨ − ݈௜ − ℎ௜) = ݇଴ ܴ଴ܴ௜16 ێێۏ

ۍ 1(݈ଵ − ݈௜ − ℎ௜)ଶ + 1(݈ଵ − ݈௜ + ℎ଴)ଶ− 1(݈ଵ − ݈௜ − ℎ௜ + ℎ଴)ଶ − 1(݈ଵ − ݈௜)ଶۑۑے
.ې (13)

 
Fig. 4. A scheme of the magnetic repulsion force between the working element and repulsion magnets 

4. Experiment 

Fig. 5 shows the experimental apparatus which is used to measure the magnetic repulsion force 
between the working element and a single repulsion magnet. The upper end face of the working 
element is fixed at a non-magnetic rod, which can move along a slide. A digital Vernier scale with 
an accuracy of 0.01 mm installed on the slide can be used to measure the displacement of the 
working element. The repulsion magnet is fixed at an electronic balance with an accuracy of  
0.01 g. In order to avoid the influence of these magnets on the electronic balance, there is a 
nonmagnetic support structure with the height of 15 cm between the repulsion magnet and 
electronic balance. The experimental steps are given as follow: 

The first step, install the working element, nonmagnetic rod and the nonmagnetic support 
structure, respectively. The second step, adjust the height of the working element to find the 
position at which the reading of the electronic balance begins to change. This position means 
where the working element and the nonmagnetic support structure are in contact. Then move up 
the working element with a displacement ℎ଴ as the zero position and clear the reading of the digital 
vernier scale. The third step, move the working element far away from the nonmagnetic support 
structure and fix the repulsion magnet at the nonmagnetic support structure. Finally, clear the 
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reading of the electronic balance and move the working element with a step of 0.62 mm, the 
reading changes and the relationship of the magnetic restoring force versus the distance can be 
obtained. 

 
Fig. 5. Experimental apparatus to measure the magnetic repulsion force 

The elastic brass plate with dimensions 1200 mm×50 mm×5 mm is fixed on one end and the 
other free end is installed with the magnetic fluid shock absorber. The amplitude and frequency 
of free oscillations of the plate are equal to 1 mm and 1.1 Hz, respectively. The main parameters 
of the magnets are shown in Table 1. The body has an inner diameter 2ܴ௕ = 30 mm. The 
equivalent damping ܥଵ  and equivalent stiffness ܭଵ  of the elastic plate are 3.52×10-2 kg/s and 
118.33 N/m, respectively. The equivalent mass of the body and elastic plate is 1.93 kg and the 
mass of working element is 47.7 g. The laser displacement sensor HL-G108-A-C5 has a resolution 
of 2.5 μm ensuring the accuracy of experiment. A data acquisition instrument (DI-710) with a 
sampling frequency of 50 Hz collects the electrical signal. The ester-based magnetic fluid is 
produced by our laboratory and has a saturation magnetization of 208 Gs, viscosity of 0.27 Pas and 
density of 1.07 g/cm³. 

Table 1. Used parameters of the magnets 
Description Dimensional parameter Value 

Diameter of the repulsion magnet  2ܴ଴ 30 mm 
Height of the repulsion magnet ℎ଴ 5 mm 

Diameter of the supporting magnet 2ܴ௜ୀଵ,ଵଶ 25 mm 
Height of the supporting magnet ℎ௜ୀଵ,ଵଶ 5 mm 

Diameter of the connecting magnet 2ܴ௜,ଵழ௜ழଵଶ 10 mm 
Height of the connecting magnet ℎ௜,ଵழ௜ழଵଶ 2.5 mm 

The number of the connecting magnet ݊ 12 
Magnetization of all magnets ܯ 0.89 MA/m 

5. Results and discussion 

Fig. 6 shows two curves of the magnetic repulsion force between a single repulsion magnet 
and the working element by experimental measurement and theoretical calculation based on 
Eq. (13), respectively. 

In Fig. 6, the small discrepancy between measured and calculated may result from the 
approximate theoretical analysis. When the displacement is small enough, the magnetic repulsion 
force will be assumed to be linear. Now, Eq. (11) can be rewritten: ܨ௠ = ଶݔ)௘௤ܭ− − ,(ଵݔ (14)
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where ܭ௘௤  is the equivalent stiffness. In order to investigate the influence of the equivalent 
stiffness on the damping efficiency of the shock absorber, we prepare the body of the shock 
absorber with nine different lengths (185 mm, 193 mm, 198 mm, 205 mm, 209 mm, 217 mm, 
221 mm, 230 mm and 238 mm), which correspond to nine different initial distances (75 mm, 
79 mm, 81.5 mm, 85 mm, 87 mm, 91 mm, 93 mm, 97.5 mm and 101.5 mm), respectively. 

 
Fig. 6. Diagram of the magnetic repulsion force versus the distance 

For a free oscillation with one degree of freedom, the logarithmic decay rate is expressed as: 

Λ = 1݉ ln ൬ ௠൰, (15)ܣ଴ܣ

where ܣ଴ is the amplitude of the first oscillation and ܣ௠ is the amplitude of the ݉th oscillation. 
In order to evaluate the damping efficiency of the oscillation system with two degrees of freedom 
under a dimensionless form, the logarithmic decay rate will be calculated preliminarily by Eq. (15) 
based on the condition of ܣ௠ = ଴ܣ 5⁄ .  

Fig. 7. shows the dependence of the logarithmic decay rate on the initial distance ݈଴ between 
the repulsion magnet and the supporting magnet. These data are obtained when the volume of 
magnetic fluid is 9.12 ml. At this time, the contact length ݈௖ can be measured with a value of 
18 mm, and the equivalent stiffness ܭ௘௤ for various initial distances can be obtained in Fig. 8. The 
results demonstrate a good agreement between the experiment and theory. 

Fig. 7. Diagram of the dependence of the logarithmic 
decay rate on the various initial distances ݈଴ 

 
Fig. 8. Diagram of the dependence of the equivalent 

stiffness ܭ௘௤ on the various initial distances ݈଴ 

The results indicate that the logarithmic decay rate increases with the increase of the initial 
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distance ݈଴, which will induce the decrease of the equivalent stiffness ܭ௘௤ in Fig. 8, and then the 
movement of the working element will be easier. When the equivalent stiffness ܭ௘௤  is small 
enough, the magnetic fluid shock absorber will turn into a Lanchester-like damper and the energy 
dissipation will reach the greatest effect. However, the device is not suitable to be used in the 
spacecraft technology without the repulsion force trying to return the working element to its initial 
position. 

In Fig. 7, the shock absorber with the initial distance ݈଴ = 101.5 mm has the maximum 
logarithmic decay rate. In order to further investigate the vibration behavior of the system, a 
comparative experiment through installing a counterweight at the plate has been performed. The 
mass of the counterweight is equivalent to that of the shock absorber. Fig. 9 shows the plate 
oscillations with the shock absorber and with the counterweight.  

 
a) 

 
b) 

Fig. 9. Diagram of the plate oscillations a) with the shock absorber and b) with the counterweight 

6. Conclusions 

In this paper, a magnetic fluid shock absorber is presented and the corresponding theoretical 
models are built. In this shock absorber, a nonlinear equivalent stiffness is provided by means of 
the magnetic repulsion force. In order to investigate the nonlinear equivalent stiffness, we 
calculated and measured the magnetic repulsion force, which varies in conformity to a power law. 
With increasing the initial distance between the working element and the repulsion magnet, this 
shock absorber can obtain a smaller stiffness. Through measuring the free oscillations of an elastic 
plate, the damping efficiency of the shock absorber is inversely proportional to the nonlinear 
equivalent stiffness. According to the comparison between the theoretical and the experimental 
values, the theoretical models are suitable. Moreover, the shock absorber has a significant energy 
dissipation for the amplitude of 1mm and frequency of 1.1 Hz. The device might be used in 
spacecraft technology with the advantages of low cost, simple structure, and zero energy waste. 
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