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 A new electromagnetic-type acceleration sensor using ferrofluid was developed 
to improve the sensitivity and decrease energy consumption. To develop a small 
acceleration sensor, numerical simulation was carried out. On the basis of the simulation 
results, the parameters of the sensor were optimized, and a 10×10×10 mm3 acceleration 
sensor was fabricated in this project.  The linear measurement scope of the sensor was 
also confirmed.  It was also confirmed that the sensitivity of this sensor was better than 
those of previous sensors.

1.	 Introduction

 The position of a high-speed train, an automobile and a manufacturing machine 
during movement and measurements of moving velocity and acceleration become 
convenient with the development of satellite communication.  However, global 
positioning system (GPS) cannot be used in areas where the electric waves of an 
underground train, a tunnel, and an underwater tube exists, although GPS is a system 
that measures the positional coordinates of the ground using satellite.  Generally, it is 
considered that the detection of the position, velocity, and acceleration of a moving 
machine is important because the safety of key equipment is secured in areas of disasters 
such as earthquakes.  If the inertia navigation system is applied to the movement 
measurement of the human body, mechanics information on acceleration, velocity, 
amount of movement, rotation corner, posture, and inclination can be obtained.
 Moreover, a small acceleration sensor can be used for medical treatment.  A patient 
can train while voluntarily observing the indicator when it is possible to apply a position 
sensor and an acceleration sensor to all the systems that measure the movement of the 
human body, like sports measurement and rehabilitation training, and it can be used for 
rehabilitation; a new target can also be made in training.  On the other hand, a small 
acceleration sensor can be used in a navigation system so that the position and movement 
of a moving machine and humans can be measured.
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 Ferrofluids are composed of nanoscale ferromagnetic or ferrimagnetic particles 
suspended in a carrier fluid, usually an organic solvent, such as oil or water.  The particles 
in a ferrofluid primarily consist of nanoparticles that are suspended by Brownian motion 
and generally will not settle under normal conditions.(1,2)  Permanent magnet sensors 
are well adapted in many systems, because they are contactless, robust, and relatively 
inexpensive.(3–9)  Recently, for the advancement of science and society, the acceleration 
sensor has been used in many industrial fields, such as in machines, airplanes, cars, 
and trains.  Today, most acceleration sensors are fabricated by MEMS technology.(10–

18)  To develop an acceleration sensor with high sensitivity, high reliability, low cost and 
low energy consumption, a new type of acceleration sensor that uses magnetic fluid is 
proposed in this paper.  In this research, we examine the effect of magnetic fluid use on 
the acceleration sensor.  Parameters such as the shape and size of the magnet, coercive 
force, coil number, and position were optimized on the basis of simulation results.  The 
performance of the sensor was confirmed by an actual test.
 The design of a necessary sensor for an inertia navigation system was carried out, to 
achieve the miniaturization of an induction device with a sensor that uses the developed 
ferrofluid with magnetic nanoparticles of about 8 nm size.(19)  The main feature of the 
sensor that uses this ferrofluid is that the power consumption is extremely minimal, 
and lightening the entire device is possible.  The accelerometer that uses ferrofluid was 
easy to miniaturize with an accuracy of a previous servo accelerometer, a small power 
consumption, and a calibration-free feature.  It was confirmed that the rotation corner 
accelerometer can be realized by applying the actuator mechanism of this accelerometer.  
In this study, the research and development of a rotation corner accelerometer that uses 
ferrofluid and has low power consumption was carried out.

2.	 Measurement	Principle	of	Acceleration

 As principle of this sensor, we mainly use the relationship between force, current 
and magnetic field during ferrofluid movement.  In a magnetic field, the force F can be 
shown from the Law of Coulomb as

 F
→

 = qm×H
→

, (1)

where qm is the magnetic charge.  The magnetic field B is governed by

 B
→

 = μ0×H
→

, (2)

where the initial permeability μ0 is constant.  When the ferrofluid is not deformed (or 
slightly deformed), the force due to inertia force can be shown as

 ma
→

 = F
→

 = qm×μ0B
→

; (3)

therefore, the acceleration of an actuator in a magnetic field can be measured using this 
principle.  In this study, a new type of acceleration sensor (10×10×10 mm3) has been 
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fabricated as shown on Fig. 1.  The principle diagram of the acceleration sensor is shown 
in Fig. 2.  In the sensor structure, the balance relation of the forces on the actuator is 
shown as

 ma
→

 = F
→

1+F
→

2+F
→

3+F
→

4. (4)

When a current-carrying conductor is placed in a magnetic field B
→

, the force F
→

 that the 
conductor receives from the magnetic field is calculated using

 F = IBL, (5)

where I is the current in the coil and L is the distance moved by the actuator.  When the 
magnet is offset from the center caused by acceleration and yet maintains balance, then 
acceleration can be calculated using eq. (5).

Fig. 1.   Acceleration sensor.
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Fig. 2.   Principle diagram of acceleration sensor.
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 In this research, we proposed the mechanism of a small servo actuator that is 
common to the acceleration sensor and rotation corner acceleration sensor, and is used at 
high powers.  Moreover, a drive circuit was designed.  In addition, a good detector coil 
and a detector circuit were designed and compared of their S/N values.

3.	 Simulation	and	Optimizing	Design

 Because the magnetic field of a magnet is very strong and the magnetic field of coils 
is much lower than 1%, the influence of coils can be neglected.
 In this research, we analyzed the magnetic field to establish the optimum conditions 
for determining the effects (3) of the amount of (1) ferrofluid and (2) coil rolling 
using ANSYS, and compared the analytical results.  Figure 2 shows the structure and 
modeling of the acceleration sensor that is used to analyze magnetic field.  The material 
characteristics are shown in Table 1.
 Figures 3(a) and 3(b) show the magnetic fields without and with a fully magnetic 
fluid, respectively.  The magnetic field near the ends of the magnet is so strong that a 
large acting force is exerted on both sides.  If a suitable magnetic fluid is added, a cap-
shaped figure appears on both ends.  Therefore, magnetic fluid can improve lubrication 
and sensitivity.  A hall element detector can detect magnetic flux density itself and output 
voltage.  Simulation results of distance offset from the center as well as of magnetic 

Coils 3000 Magnet (permeability) 1 N•A–2

Max. I 0.3 mA Air (permeability) 1 N•A–2

Magnet mass 0.1 g Coils (permeability) 1 N•A–2

Magnetic fluid B-H curve

Table 1
Acceleration sensor calculation parameters.

Fig. 3.   Magnetic field (a) without and (b) with fully magnetic fluid.

(a) (b)
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flux density, magnetic flux density and acceleration relations are shown in Figs. 4 and 5, 
respectively.
 Figure 6 shows the relationship between output hall voltage and magnetic flux 
density.  The effect of magnet position on magnetic induction is shown in Fig. 7.  From 
these results, we can determine that the sensor has a good linear relationship between 
output hall voltage and magnetic field.  On the other hand, the relationship between the 
distance moved from the center and the detected magnetic induction, and the effect of 
magnet position on magnetic field are shown in Figs. 7 and 8.  In the magnetic field, 
the movement behavior of the magnet actuator is also linear, so that the acceleration 
sensor can give a linear relationship between the distance moved from the center and the 
detected magnetic induction.
 To examine the change in the magnetic induction induced by the movement range 
and the movement of the oscillator 4 mm in length.  Tamotsu magnetisms 3×105 A/m 
were input and magnetic field was analyzed.  Figures 4 and 5 show the results.  It has 
been understood that acceleration behavior is a line within the movement range (–1,1) 

Fig. 4.   Relationship between distance offset from center and magnetic flux density.
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Fig. 5.   Relationship between magnetic flux density and acceleration.
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Fig. 6.   Relations between output hall voltage and magnetic flux density.

Fig. 7.   Effect of magnet position on magnetic induction.

0
5

10
15
20
25
30
35
40
45
50

0 0.2 0.4 0.6 0.8 1
Distance moved from center (mm)

M
ag

ne
tic

co
nd

uc
tio

n 
(m

T
)

Fig. 8.   Relations between distance moved from center and detected magnetic induction.
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mm of the oscillator.  Acceleration can be calculated from the magnetic induction that 
detects the hall element.  Moreover, the magnetic induction range is (–350,350) mT.  The 
time base range of the hall on the market element is (–50,50) mT, as shown in Fig. 6, and 
the magnetism of the magnet has been adjusted for that to 5×104 A/m.  Figure 7 shows 
the result of the analysis.  It is understood that the detection range of magnetic induction 
is (–50,50) mT from the result obtained within a small range (–1,1) mm of the oscillator.
 Figure 8 shows an analytical result of the oscillator receiving power.  Acceleration 
can be determined using eq. (4).  Moreover, the time base range of the acceleration 
sensor is shown in Fig. 8.  Because the time base range of the acceleration sensor also 
changes, when the current in the driving coil increases slightly, it is understood that the 
time base range of the sensor for the ferrofluid acceleration is broad.
 Figure 9 shows the time base range of acceleration.  It is understood that the time 
base range of the sensor for ferrofluid acceleration changes marked with the current 
change of the driving coil.
 From results of the above analyses, it seems that a sensor smaller than previous 
acceleration sensors (about 10×10 mm2) can be fabricated.  Moreover, the size, number 
and volume of sensors, the length and magnetism of the magnet, the distance moved by 
the oscillator, and the necessary conditions for setting the current in the driving coil, and 
other factors have been understood.
 When there is a ferrofluid change in a magnet surrounding magnetic induction 
and when there is no ferrofluid, lines of magnetic force concentrate at the edge, and 
the change in magnetic induction grows.  A slight movement of the oscillator can be 
detected.  It has been understood from the above discussion that the sensitivity of an 
acceleration sensor increases with the addition of a ferrofluid.

Fig. 9.   Effect of magnet position on magnetic induction.  Magnet length, 2 mm; saturation 
magnetization value, 3×105 A/m.

(a) Center (b) 0.5 mm off center (c) 1 mm off center
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4.	 Conclusions

 In this research, we developed a new acceleration sensor that uses ferrofluid.  
Moreover, we determined the parameters of the sensor by analyzing magnetic field using 
the finite element method.  In the study, following finding was obtained.  Magnetic fluid 
can improve lubrication and sensitivity.
 The relationships between the linear measurement scope and the material properties 
were confirmed on the basis of simulation results.  A 10×10×10 mm3 acceleration sensor 
that is 1/2 the size of original design can be fabricated.
 Optimizing coil radius and coil length, as well as the total number of turns, is 
necessary in developing the sensor.  The optimum conditions for improving the 
resolution of this sensor were obtained from the simulation result of this research.
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