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Aiming to suppress high frequency vibrations of a torque motor in electrohydraulic servo-valves,

damping properties of an ester-based Fe3O4 magnetic fluid operating in the squeeze mode are

studied in this Letter. The expression of damping forces due to the magnetic fluid on the torque

motor is derived and simplified based on the measured magneto-viscosity property. Dynamic

characteristics of the torque motor with and without the magnetic fluid are simulated and tested.

Damping properties of magnetic fluid for the vibration suppression of a torque motor are verified

by the good agreement between the predicted and tested results. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4875029]

As a functional fluid material whose properties can be

controlled by an external magnetic field, magnetic fluid

(MF) has been getting more and more attention since the

past decade. MF exhibits many remarkable properties and

has been used in a wide variety of applications, such as

applications in dampers, sealing, electric motors, photonic

devices, and brakes.1–4 Investigations5,6 showed that higher

saturation magnetization and larger viscosity will be intro-

duced when MF was exposed to a magnetic field. The

properties of MF, such as saturation magnetization,

magneto-viscosity, magneto-optical effects, and thermal

properties, were studied thoroughly.7–11 However, the

understanding of working mechanism and damping proper-

ties of MF is still far from clear.

Hydraulic servo-valve is the key component whose char-

acteristics influence the performance of the hydraulic control

system significantly. As the electro-mechanical signal con-

verter in hydraulic servo-valves, the torque motor and pilot

stage can deteriorate the characteristics or even cause the fail-

ure of servo-valves due to unpredictable self-excited pressure

oscillations in the pilot flow field and armature vibrations at

high frequencies.12,13 Due to the magnetization characteristics

of MF when exposed to a magnetic field, squeeze forces can

be applied to the armature when MF is filled into the working

gaps of the torque motor and operates in the squeeze mode,

which makes MF an effective damper to depress the vibra-

tions and improve the reliability of servo-valves.

The basic operational modes of MF devices were classi-

fied as: the direct shear mode, the valve mode, and the

squeeze mode.14,15 Being studied most extensively, espe-

cially in the mathematical modeling of MF basic properties,

the shear and valve modes found more applications in MF

devices than the squeeze mode.16,17 For these two modes,

Bingham-plastic and Herschel-Bulkley models are proved to

be reasonable and applicable for the descriptions of the con-

stitutive characteristics of MF because of the simplicity and

efficiency. While for the squeeze mode, biviscosity model

was suggested to be used for the theoretical analysis of MF

behavior to avoid the “squeeze-flow paradox.”18–21 Yang

theoretically analyzed the squeeze flow of the Bingham ma-

terial in the small gap between two parallel disks based on a

biviscosity constitutive model.22 Ayadi presented exact ana-

lytic solutions for a squeeze flow of a Bingham fluid

described by the biviscosity model.23 However, the models

are both complicated and far from applicable for the descrip-

tion of squeeze force.

In this Letter, the constitutive characteristics of MF are

described using a biviscosity model. Based on the governing

equations of fluid mechanics, the expression of damping

forces due to the squeeze flow of MF on the torque motor is

derived and linearized. The damping properties are validated

through numerical simulation and experiment when MF is

filled into the torque motor of a hydraulic servo-valve.

As shown in Fig. 1, MF in the working gaps of the tor-

que motor operates in the squeeze mode when the armature

FIG. 1. Construction of a hydraulic servo-valve with MF. The hydraulic

servo-valve consists of two parts, the torque motor and two-stage hydraulic

amplifier. The pilot stage is a nozzle-flapper valve while the power stage is a

spool valve.
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rotates. When the rotation angle is in a small range, the

operational mode of MF can be equivalent to a symmetric

extrusion, as shown in Fig. 2. For an ester-based Fe3O4

magnetic fluid, the generalized biviscosity model can be

described as

syx ¼ g
@ux

@y
; jsyxj < s1

syx ¼ sgn
@ux

@y

� �
s0 þ k

@ux

@y
; jsyxj � s1;

8>>><
>>>:

(1)

where sxy is the shear stress; s1 is the yield stress of MF; s0 is

the dynamic yield stress varying with the applied magnetic

field; lx is the velocity of MF in x direction; k and g are

viscosities of MF in yield and non-yield region, respectively.

From Fig. 2, when L� h and squeezing velocity is

small, the squeeze flow of MF in the working gaps of torque

motor can be assumed as incompressible steady flow. By

combining mass and momentum conservation equations, the

damping forces due to MF on the torque motor can be

derived as

F ¼ 2ðg� kÞWs1
3h3
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where W is the width of the working gap.

From the above equation, it can be concluded that

some parameters (such as s0, s1, g, and k) are crucial for the

calculation of the damping forces. Because these parame-

ters are influenced greatly by the concentration of MF and

magnetic field, the viscosity of applied MF is measured

with a viscometer (RVDV-IIþPro, Brookfield Company,

MA, United States) to obtain the magneto-viscosity prop-

erty of MF in this work. Figure 3 shows the schematic dia-

gram of the viscometer. The value of viscosity can be

determined by24,25

g ¼ K
M

x
; (3)

where K is relevant with the geometrical parameters of

experimental setup, M and x are drive torque and angular

velocity of the rotor.

The shear stress at radius r can be calculated as26

s ¼ g _c; (4)

where _c is the shear rate at radius r and _c ¼ �r dx
dr .

Figure 4 shows the measured shear stress of MF as a

function of shear rate in different magnetic induction inten-

sity. From the results in Fig. 4, it can be concluded that the

shear stress of applied MF increases with the shear rate line-

arly for a given magnetic induction intensity. Additionally,

the higher the magnetic induction intensity, the higher the

shear stress, at the same shear rate. From Fig. 4, we can also

get the relationship between dynamic yield stress and mag-

netic induction intensity, as shown in Fig. 5. Figure 5 shows

that dynamic yield stress increases with magnetic induction

intensity and tends to saturate in higher intensities. The satu-

ration magnetic induction intensity for MF used in this work

is about 450 GS.

The measured magnetic induction intension in the work-

ing gaps of torque motor varies from 2100 GS to 2500 GS

during the working process of torque motor. A gauss meter

FIG. 2. Schematic diagram of squeeze mode for MF in the working gap.

The squeeze mode is equivalent to symmetric extrusion. X and V are half the

displacement and velocity of the armature. L and h are half the length and

height of the working gap.

FIG. 3. Schematic diagram of the viscometer: Rotor, rotates with an angular

velocity x; MF, ester-based Fe3O4 magnetic fluid; OC, outer cylinder, used

to contain MF; EMF, external magnetic field, perpendicular to shear

velocity.
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(TX-15, Ch-Hall Co., Ltd., Beijing, China) is utilized for

the measurement. Therefore, MF filled in the working gaps

always gets saturated. Based on the experimental data

(B¼ 500 GS) in Fig. 4, the magneto-viscosity property pa-

rameters (s0, s1, g, and k) under saturated state can be

obtained and the damping forces due to MF on the armature

of the torque motor can be calculated. In this work, the

tested maximum displacement of armature is 76.9 lm and

maximum velocity is 0.54 m/s, after MF is applied. The

simulation results of damping forces due to MF are shown

in Fig. 6.

Figure 6 shows the numerical results of damping forces

varying with the squeezing displacement under six different

squeezing velocities for ester-based Fe3O4 MF. From Fig. 6,

it can be seen that the damping force increases with the

squeezing displacement and velocity linearly. Therefore, the

mathematical model for the damping force due to MF can be

simplified and linearized as

F ¼ Kc � X þ Bc � V; (5)

where Kc and Bc are the equivalent stiffness and damping

coefficient which are the functions of squeezing displace-

ment and velocity.

The simplified equation shows that the function of MF

to the torque motor can be taken as the combinational work-

ing of a linear spring and viscosity damper when the squeez-

ing displacement and velocity are in a small range.

Based on the simplified expression of damping forces,

we numerically simulate the dynamic characteristics of the

torque motor without any arbitrary loads to check the damp-

ing effect of MF on torque motor. In the simulation, MF is

simulated using spring-damper elements, and Kc and Bc are

mean values (Kc¼ 200 N/m, Bc¼ 0.94 N s/m) corresponding

to the range of squeezing displacement and velocity of the

armature. The dynamic amplitude responses are acquired by

calculating the displacements at the end of the feedback rod.

Numerical results of dynamic amplitude responses of the tor-

que motor with and without MF are shown in Fig. 7. The

results show that large resonance peaks occur at the natural

frequencies when MF is not applied. That means a small

damping ratio in the system without MF. Also large oscilla-

tions of the armature may happen during the transient pro-

cess. When MF is applied on the torque motor, the resonance

peaks are reduced obviously. It means large damping forces

have been introduced due to MF. Figure 7 also shows that

the natural frequencies of torque motor decrease slightly af-

ter MF is applied. That is because the total mass of the arma-

ture is increased by the application of MF.

To compare with the simulation results, dynamic char-

acteristics of the torque motor with and without MF are

tested. The schematic diagram of the experimental setup is

FIG. 5. Dynamic yield stress vs magnetic induction intensity. The dynamic

yield stress is the shear stress developed in response to zero shear rate.

FIG. 6. Numerical results of damping force as a function of squeezing dis-

placement under six different squeezing velocities for ester-based Fe3O4 MF.

FIG. 7. Numerical results of dynamic amplitude responses of the torque

motor with and without MF in frequency domain.

FIG. 4. Experimental results of shear stress vs shear rate under six different

magnetic induction intensities for ester-based Fe3O4 MF.
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shown in Fig. 8. In the experiment, a number of sinusoidal

current signals are supplied to the torque motor with fre-

quency changed from 1 Hz to 4500 Hz and amplitude kept to

be 10 mA. The dynamic amplitude responses of the torque

motor are acquired by measuring the displacements at the

end of the feedback rod using a laser displacement sensor

(LK-G5000, Keyence Company, Osaka, Japan). The experi-

mental results are shown in Fig. 9. It can be seen that the ex-

perimental results achieve a good agreement with the

numerical ones. The resonance amplitudes are reduced sig-

nificantly when MF is filled into the torque motor. The

damping properties of MF for the vibration suppression of

the torque motor are verified experimentally. Besides, the

natural frequencies of the torque motor without MF are also

larger than the ones with MF. The good agreement proves

that the modeling approach for MF presented in this Letter is

reasonable and applicable.

In conclusion, the damping properties of MF on the

servo-valve torque motor are verified through numerical and

experimental methods. Damping forces can be introduced on

the torque motor due to the squeeze flow of MF. At the limit-

ing case when the squeezing displacement and velocity are

in a small range, the function of MF can be seen as the com-

bination of a linear spring and damper. Resonance ampli-

tudes of the torque motor can be reduced significantly after

MF is applied. By selecting proper kind of MF, the oscilla-

tions and noise in the servo-valve may be removed

completely.
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sonal computer; D/A, digital-analog converter; SA, servo amplifier.
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