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ABSTRACT

In this thesis, methods based on the levitation mass method (LMM) for evaluating the

frictional characteristics of a linear ball bearing, the electro-mechanical characteristics

of a voice coil and a piezo-electric actuator and for removing the velocity limitation

of laser Doppler interferometer (LDI) are proposed.

In the LMM, the inertial force of a levitated mass used as the reference force for

measuring dynamic force is measured as the product of the mass and acceleration. For

evaluating the dynamical friction of linear ball bearing, two corner-cube prisms (CC)

are attached to a moving part which is connected to the ball bearing. The acceleration

of the gravity center of the moving part is estimated from the accelerations of the two

CCs which are measured using a dual axis LDI. The frictional force is measured as the

product of the mass of the moving part and the acceleration of the gravity center. For

evaluating the voice coil actuator, a moving part levitated using an aerostatic linear

bearing is connected to the coil. The dynamic force generated by the coil is measured

as the inertial force of the moving part. The velocity of the moving part is measured

using a LDI. Other mechanical characteristics such as position, acceleration and force

are calculated from the measured velocity. With the electrical characteristics mea-

sured using a digital voltmeter, the relationships between electrical and mechanical

characteristics are evaluated. For measuring the electro-mechanical characteristics of

piezo-electric actuator, a CC considered as an inertial mass is attached to the top of

the actuator instead of the moving part. The dynamic force generated by the actuator

is measured as the inertial force of CC. Based on this method, the force-displacement

behavior of the actuator under dynamic condition is evaluated. The relationship of

energy conversion between electrical and mechanical domains is also evaluated based

on the observed results.

In the LMM, the velocity of moving part is measured using a LDI whose laser

source is a Zeeman-type two-frequency laser. However, the measurable velocity of



LDI is limited by the frequency difference of laser in back and forth motion. In order

to get high measurable velocity in back and forth motion, a dual beat-frequencies

laser Doppler interferometer (DB-LDI) is developed and applied. In DB-LDI, two

laser beams with difference frequency (f1, f2) are divided into reference beams and

signal beams by a non-polarized beams splitter. They are used to produce two beat

signals. When the object moving, the beat frequencies of beat signals are detected

as |f ′
1 − f2| and |f ′

2 − f1|, respectively. For back and forth motion, although the

velocity of the object calculated from one beat frequency reaches critical velocity, the

velocity calculated from the other one is far from critical velocity. The DB-LDI has

been applied to realize a high-speed impact testing. During the collision, the velocity

of the mass, even higher than the critical velocity, is accurately measured using the

DB-LDI.
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Chapter 1

Introduction

Recently, there has been an increasing need for measuring dynamic force in various

industrial and research applications such as process monitoring, material testing,

motion control and crash testing. However, only static calibration methods are widely

available at present, in which the transducers are calibrated with static weights under

static conditions. At present, there are no standard methods for calibrating force

transducers under dynamic conditions. This leads a problem that the uncertainty is

very difficult to determine in measuring a varying or dynamic force by using force

transducers. Therefore, the establishment of a dynamic calibration method, with an

uncertainty level of a few percent, would be a significant contribution to the field of

dynamic force measurement.

Force is one of the most basic mechanical quantities and is defined as the product

of mass and acceleration:

F = Ma (1.1)

where F is the net force acting on the object, M and a are the mass and the accel-

eration of the center of gravity of the object, respectively. The formula (1.1) implies

that the acceleration of the object is directly proportional to the net force acting on

the object if the mass of an object is constant. This means that an accurately known

acceleration is required to know the net force accurately and to calibrate force trans-



2 CHAPTER 1. INTRODUCTION

ducers accurately. Due to gravity, g, acceleration is convenient and typically used

for generating and measuring constant force. Constant force can be accurately com-

pared using a conventional balance with a knife-edge or a hinge. For measuring and

calibrating the varying or dynamic force, an optical method, levitation mass method

(LMM), has been proposed by Y.Fujii based on formula (1.1) [1–6,12,13].

1.1 Review of dynamic calibration methods

The principle of the LMM is shown in figure 1.1. In the LMM, a mass is levitated

by using an linear air bearing. The inertial force Finertial of the levitated mass as a

reference force is measured as:

Finertial = Ma

where M and a are the mass and acceleration of the levitated mass, respectively. The

acceleration is accurately measured using an optical interferometer.

Rigid Object

(Mass:M)

Gravity: g

Force:F

F=Ma

Optical 

Interferometer

Air Pressure

Figure 1.1: Levitation mass method (LMM).

Although the procedures for the dynamic calibration of force transducers are not

yet well established, there have been a few attempts to develop dynamic calibration

methods for force transducers [1–13]. These attempts can be divided into three cat-

egories, namely, methods for calibrating transducers by using impact force, methods
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for calibrating transducers by using oscillation force, and methods for calibrating

transducers by using step force.

1.1.1 Impact force calibration

A method for calibrating force transducer against impact force is proposed by Y.

Fujii [1–6]. Bruns and Kobusch have also developed a similar method for calibrating

transducers using impact force [7]. This method was first proposed [2] as an impulse

response evaluation method for force transducers; a mass was made to collide with a

force transducer and the impulse, i.e., the time integration of the impact force, was

measured highly accurately as a change in the momentum of the mass. To obtain

linear motion, with a sufficiently small friction acting on the mass, a pneumatic linear

bearing [1,3] was used, and the velocity of the mass (i.e., the moving part of the bear-

ing) was measured using an optical interferometer. This method was subsequently

improved [4] as a method for determining the instantaneous value of the impact force

in the impulse. In this case, the instantaneous value of the impact force was measured

as the inertial force acting on the mass, by measuring the instantaneous acceleration

of the mass. This method was also improved [5] as a method of determining the

response against a steep impulse with a full-width half-maximum (FWHM) width of

approximately 1 ms.

1.1.2 Oscillation force calibration

As for the procedures for calibrating transducers against oscillation force, Kumme

has proposed and developed a method, in which the inertial force of a mass attached

to a force transducer is used [8,9]. In this method, both the mass and the transducer

are shaken at a single frequency using a shaker, and the inertial force of the mass

is applied to the transducer. The inertial force of part of the transducer itself must

be taken into account, to evaluate the characteristics of the transducer under typical

conditions in which it is fixed to a stable base. Park et al. used this method for
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dynamic investigation of multi-component force-moment sensors [10,11]. Y. Fujii has

also proposed a method for calibrating force transducers against an oscillation force,

in which the force transducer under test is firmly fixed to a stable base [12].

1.1.3 Step force calibration

As for the procedures for calibrating transducers using step force, Y. Fujii first pro-

posed a method in reference [13]. In this method, the reference force, which is sud-

denly applied to the force transducer under test, is the combined gravitational and

inertial force acting on the object. At the beginning of the evaluation, the object is

suspended just above the transducer with the use of a wire; the object is then allowed

to fall onto the transducer by cutting the wire. To realize perpendicular motion with

insignificant friction, a pneumatic linear bearing is used. The inertial force of the

object is measured highly accurately by measuring the velocity of the mass using

an optical interferometer. In addition, the step force response of force transducers

has recently become a topic of much interest. For example, there is research dealing

with the dynamic characteristics of force transducers under step load [14]. In this

method, the real force is approximately estimated from the output signal without

the knowledge of the reference force. Strictly speaking, there are no other dynamic

calibration methods using a step force, in which a known step force is used as the

reference, except the method proposed by Y. Fujii.

In summary, the present status of dynamic force measurement is as follows: meth-

ods have been proposed and developed for the dynamic force calibration of force

transducers against some typical types of dynamic forces such as impact force, oscil-

lation force and step force. However, it has not been established how to apply the

results of such dynamic calibration to the actual wave profile of the varying force.

This difficulty mainly comes from the fact that the validity of applying the frequency

response obtained from the oscillation force calibration to other types of force such

as impact force and step force has not been proved. On the other hand, the fact that
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there are no standard methods for evaluating the dynamic characteristics of force

transducers results in two major problems concerning material testing.

1. One is that it is difficult to evaluate the uncertainty in the measured value of

the varying force.

2. The other is that it is difficult to evaluate the uncertainty in the time at which

the varying force is measured.

In this situation, the methods for evaluating the mechanical properties of materials

such as viscoelasticity and hysteresis in dynamic conditions have been proposed based

on LMM. The advantages of these methods are listed as following:

• Due to the high precision of today’s mass standards with relative uncertainties

of less than 10−6, the mass that contributes to the measurement uncertainty of

measurement can be neglected.

• The friction force of the air bearing applied on mass is small enough [1,3]. The

uncertainly of measurement can be neglected.

• The acceleration is accurately measured by using a laser interferometer. It’s an

absolute measuring method, which is used in national acceleration standards

with the best accuracy [15].

• All the necessary mechanical quantities such as velocity, displacement, acceler-

ation and force are calculated from the Doppler frequency shift only.

Table 1.1 shows the advantages of the LMM in dynamic force measurement. The

main advantage of the LMM that the uncertainly of the dynamic force measurement

can be estimated. This is very important, for example, when dynamic testing materi-

als, the uncertainly of dynamic force can not be estimated by using force transducers.

While, by using LMM, this problem can be resolved. The accuracy of the LMM based

on the accuracy of Doppler frequency estimation.
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Table 1.1: Comparison of dynamic force measurement methods.

Methods Application Size Cost Uncertainty

Force

transducer

Easy Small (only

transducer)

Cheap ($500∼) cannot be esti-

mated

LMM Difficult (some-

times need some

ideas)

Large (Interfer-

ometer and air

bearing)

Expensive

($10,000∼)

based on the un-

certainty of mass

and acceleration

measurement

1.2 Aims

Because of the high precision, LMM is modified and applied in transducer calibration,

materials testing and mass measuring in dynamic condition. In order to improve the

performance of LMM and increase the application of LMM, this thesis focuses on the

following listed aims:

1. To evaluate the electro-mechanical characteristics of materials under test and

the friction of linear ball bearings under dynamic condition.

2. To develop a new material tester, in which the measurable collision velocity is

not limited by the laser Doppler interferometer.

3. To remove the intensity noise of beat beams.

1.3 Structure of the thesis

The LMM has been applied in dynamic calibration, material testing and mass mea-

surement, however, how to extend the application and improve the precision of LMM

is still urgently required. Based on these issues, some recent works for LMM are

reported in this thesis. The thesis is organized as follows:
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Chapter 1 describes the principle of LMM and reviews the methods based on

LMM for calibrating force transducer and testing materials.

Chapter 2 reports the methods for improving LMM and the applications based on

LMM: (1). In section 2.1, the dynamic fraction of a linear ball bearing is evaluated.

In addition, the pitching angle of the linear ball bearing is also precisely measured.

(2). In section 2.2, we applied LMM to estimate the electro-mechanical characteristics

of a voice coil actuator. By using a voltmeter, the relationships between electrical

and mechanical characteristics are evaluated. The experimental results are a great

help to understand and control the voice coil actuator during dynamic condition. (3).

In section 2.3, we applied LMM to estimate the electro-mechanical characteristics of

piezo-electric actuators. In this section the structure of LMM is modified comparing

with the experimental setup for evaluating the voice coil. The moving part of LMM

is replaced by a corner-cube prism which is attached on the top of a actuator directly.

(4). In section 2.4, a dual beat-frequencies laser Doppler interferometer (DB-LDI) is

proposed and used in order to remove the limitation of measurable velocity of laser

Doppler interferometer. In this interferometer, the two frequencies, f1 and f2, emitted

by a Zeeman-type two-frequency laser are introduced into the signal beams. They are

changed to f
′
1 and f

′
2 by Doppler frequency shift which is proportional to the velocity

of the object. The use of the two beat signals of |f ′
1−f2| and |f1−f

′
2| appearing at two

photodetectors enables to measure the velocity over the limitation vc = λ(f1 − f2)/2

or under −vc = −λ(f1−f2)/2. The experimental results showed that the limitation of

measurable velocity is removed. The impulse response of material with high impact

velocity is evaluated by using DB-LDI.

Chapter 3 summarizes the results of the present work and states the future work

for improving the performance of LMM.
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Chapter 2

Applications of LMM

2.1 Method for evaluating dynamic friction of lin-

ear ball bearings

2.1.1 Introduction

The friction of the bearing is of great interest in the field of precision engineering

[39–42]. However, techniques for measuring the friction of linear bearings have not

been sufficiently investigated. Conventional techniques such as the technique using

a force transducer [39] and that using the gravitational force acting on a weight

[40–42] do not provide sufficient precision for some applications. Considering the

important role of linear bearings, it is essential to develop techniques for evaluating

their frictional characteristics with high accuracy.

The LMM has been applied to investigate the frictional characteristics of pneu-

matic linear bearings [43,44]. It was also used for investigating the frictional charac-

teristics of linear ball bearings, whose motion is almost linear with negligible pitching

vibration [45]. In such methods, no force transducers are used and the force is directly

measured based on the definition of force, i.e., the product of mass and acceleration.

However, it is still difficult to evaluate the dynamical friction acting on a usual linear
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ball bearing, whose motion is not perfectly linear due to some play, which is slack or

gap between the moving part and the guide way. The play causes the translational

and rotational vibrations of the moving part. The reasons for this difficulty are as

follows. (1). The acceleration is measured at the measurement point, i.e., at the

optical center of the corner–cube prism. (2). The measurement point and center of

gravity of the moving part are separated. (3). The vibration of the moving part due

to the slack or play results in a change in the difference between the acceleration of

the measurement point and that of the center of gravity of the moving part.

In this section, a novel method for overcoming the above difficulties due to the

pitching vibration of the moving part of the bearing is proposed. In the proposed

method, the accelerations of two different points on the moving part are measured

using a dual-axis optical interferometer. The relative positions between the two

measurement points and the center of gravity are evaluated beforehand using the

balancing method. The acceleration of the center of gravity is calculated from the

accelerations of two measurement points.

2.1.2 Experimental setup

Figure 2.1 shows the experimental setup used for evaluating the frictional characteris-

tics of a linear ball bearing with some play in the internal mechanism. Figure 2.2 shows

a photograph depicting the region around the test section. Two corner–cube prisms

CC1 and CC2 are attached to the moving part of the bearing. The coordinate system

fixed in space (x, y, z) is set as shown in figure 2.1. The coordinate system fixed to the

moving part (ξ, η, ζ) is set as shown in figure 2.2. The relative positions of the optical

centers of CC1 and CC2 are Pcc1 = (ξcc1, ηcc1, ζcc1) = (75.2 mm, 0.0 mm, 12.0 mm) and

Pcc2 = (ξcc2, ηcc2, ζcc2) = (74.7 mm, 0.0 mm, 37.7 mm), respectively. The measurement

points are PCC1 and PCC2. The height difference L between the optical centers of

CC1 and CC2 is approximately L = |ζcc2 − ζcc1| = 25.7 mm.

If the motion of the moving part is perfectly parallel translation, then the accel-
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y

Figure 2.1: Experimental setup for evaluating dynamical friction of linear ball bear-

ings.

Additional 
 mass 

Guideway 
 of bearing  
under test 

Moving part 

CC2 

Damper (left) 

CC1 

0 
Moving part Guideway 

Figure 2.2: Photographs of the bearing under test, on which the coordinate system

is shown.

erations of PCC1 and PCC2 are equal to the acceleration of the center of gravity (GC)

of the moving part, PGC . However, if the motion is not parallel translation, then its

rotational motion results in the difference of the accelerations of PCC1, PCC2 and PGC .
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In the proposed method, the acceleration of the center of gravity and the total force

acting on the moving part are estimated as follows:

(1). First, PGC is estimated by the balancing method [46] as the following steps.

Here, the relative position of the center of gravity (GC) of the moving part, PGC , is

thought to be in the ξζ plane since the moving part is symmetrical with respect to

the ξζ plane. PCC1 and PCC2 are also in the plane. Therefore, the differences between

the accelerations of PCC1, PCC2 and PGC are mainly caused by the rotational motion

along y-axis, i.e., the pitching motion.

i) The moving part is separated from the other parts and it is hung using a fine

thread at three different points. When the moving part is suspended by a thread

from a point, it is in equilibrium under the action of the tension in the thread and

the resultant of the gravitational forces of the moving part. When the moving part

is suspended from another point, it is again in equilibrium.

ii) Side-view pictures are taken from the η-axis direction, and the straight lines

are marked over the thread on these pictures. These lines indicate the lines of action

of the resultant of the gravitational forces. These lines would be concurrent at PGC .

iii) From the three pictures, PGC is estimated by means of the least squares

method.

PGC is estimated to be (ξGC , ηGC , ζGC) = (36.9 mm, 0.0 mm, 15.8 mm) when one

additional mass is attached to the moving part. The height of CC1 is closer to that

of the GC as compared to the height of CC2.

(2) Second, the acceleration at PGC in the direction of motion, i.e., direction of

x-axis, is estimated using the accelerations at the two measurement points, i.e., the

optical centers of CC1 and CC2:

aGC = ((ζCC2 − ζGC)a1 + (ζGC − ζCC1)a2)/(ζCC2 − ζCC1) (2.1)

where a1 and a2 are the accelerations along x-axis at the optical centers of CC1 and

CC2, respectively. Then, the total force acting on the moving part, F , is calculated

as the product of the mass of the moving part, M , and the acceleration at the GC,
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aGC , as:

F = MaGC (2.2)

If only one CC is used and the height difference between the CC and GC is not

zero, the acceleration at the CC along the x-axis would be sensitive to the rotation

along the y-axis, i.e., the pitching motion, because the pitching motion easily caus-

es the displacement of the CC along the x-axis as the sine error. This causes the

measurement error in the acceleration at the GC. Thus, if only one CC is used, the

heights of the optical center of the prism and the optical setup should be carefully

adjusted to be the same as the height of the GC. In the proposed method, on the

other hand, the effect of pitching motion can be corrected by equation (2.1).

As for the effects along the other axes, their effects on the measurement error are

thought to be negligible. More specifically, the acceleration along the x-axis is not

affected by the rotation along the x-axis, i.e., the rolling motion, at all. It is weekly

sensitive to the rotation along the z-axis, i.e., the yawing motion, since that is the

cosine error.

A Zeeman-type two-frequency He-Ne laser is used as the light source of the dual-

axis optical interferometer. The interferometer has three photodetectors: PD0, PD1

and PD2. The frequency difference between the two orthogonal polarization states

emitted from the laser, frest, is monitored using a Glan-Thompson prism (GTP) and

the first photodetector (PD0).

The velocity of CC1, v1, is measured as the Doppler shift frequency fDoppler1,

which can be expressed as follows:

v1 = λfDoppler1/2 (2.3)

fDoppler1 = −(fbeat1 − frest) (2.4)

where λair is the wavelength of the signal beam under the experimental conditions

and fbeat1 is the beat frequency, which is the frequency difference between the signal

beam and the reference beam, that appears at PD1. In the same way, the velocity of
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CC2, v2, is measured as the frequency Doppler shift fDoppler2.

The frequency frest appearing at PD0 is measured using an electric frequency

counter (model: R5363; manufactured by Advantest Corp., Japan). It continuously

measures and records the rest frequency frest 2000 times at a sampling interval of T =

4000/frest and stores the values in its memory. This counter continuously measures

the interval time every 4000 periods without dead time. The sampling period of the

counter is approximately 1.4 ms at a frequency of 2.8 MHz. Two other counters of

the same model measure the frequencies fbeat1 and fbeat2 appearing at PD1 and PD2,

respectively. The counters measure the frequencies without dead time, and T can be

exactly calculated using the measured frequency f and the expression T = 4000/f .

The position x is calculated by integrating the velocity v. The acceleration a is

calculated by differentiating the velocity v.

The measurements using the three electric counters (R5363) are triggered by

means of a sharp trigger signal generated using a digital-to-analog converter (DAC).

This signal is initiated by means of a light switch, which is a combination of a laser

diode and a photo-diode.

In the experiment, only one additional mass is attached to the moving part. The

total mass of the moving part with the additional mass M is 0.311 kg.

2.1.3 Results

Figure 2.3 shows the change in velocity at CC1, v1, and the velocity at CC2, v2.

During the measurement of approximately 3 seconds, the moving part performs re-

ciprocating motion.

Figure 2.4 shows the change in position at CC1, x1, the position at CC2, x2, and

the pitching angle of the moving part, θy. The positions x1 and x2 are calculated by

integrating the velocities v1 and v2, respectively. The pitching angle θy is calculated
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Figure 2.3: Change in velocities at CC1 and CC2.

using the following expression:

θy ≈ δx/L (2.5)

δx = xCC2 − xCC1 (2.6)

where L is the height difference between the optical centers of CC1 and CC2 (L =

|ζCC2−ζCC1|). The pitching angle θy is the rotation angle around y-axis, and it changes

significantly when the moving part collides with the side dampers. It appears that

the slack or play of the bearing around the right side is larger than that around the

left side.

Figure 2.5 shows the change in acceleration, a1, at CC1, the acceleration, a2, at

CC2, and the acceleration, aGC , at the GC. The accelerations a1 and a2 are calculated

by differentiating the velocities v1 and v2, respectively. The parameter aGC , i.e. the

acceleration at PGC in the direction of motion, is calculated from a1 and a2 using

equation (2.1). In each figure, the 3 runs of the rightward motion and the 2 runs of the

leftward motion are drawn. The acceleration of CC2, whose height differs considerably

from that of the GC as compared to the height of CC1, varies considerably. On the

other hand, the plotted lines of aGC in different runs of the moving part coincide well
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Figure 2.4: Change in positions at CC1 and CC2 and in pitching angle.

with each other.

Figure 2.6 shows the change in the total force F acting on the moving part and

the pitching angle of the moving part θy against its position. The total force acting

on the moving part F is calculated as the product of the mass of the moving part

M and the acceleration aGC at the GC. In the figure of F , lines of different passes

coincide well with each other. Around the regions indicated as A and B in the figure,

the total force acting on the moving part has a unique feature. These indicate both

the high reproducibility of the frictional force acting inside the bearing and the high
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Figure 2.5: Change in acceleration at CC1, CC2 and GC

accuracy of the measurement.

2.1.4 Uncertainty Evaluation

The uncertainty components in determining the instantaneous value of the accelera-

tion at the center of gravity of the moving part aGC are as follows:

(a) Measurement of the accelerations a1 and a2. The dominant uncertainty source

in the accelerations a1 and a2 is the uncertainty in the frequency measurement using

the electric frequency counter R5363 of approximately 3 Hz, since the other uncer-

tainty sources, such as the laser alignment, refractive index of air and the wavelength

of the laser, are negligible. This corresponds to the uncertainty of the accelerations

a1 and a2 of approximately 2 × 10−3 m/s2. This results in the standard uncertain-

ty of aGC due to the uncertainty of the accelerations a1 and a2 of approximately

3× 10−3 m/s2.

(b) Estimation of PGC The uncertainty in estimating the position of the center
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Figure 2.6: Change in total force acting on the moving part and pitching angle of the

moving part against position.

of gravity of the moving part PGC is estimated to be approximately 0.1 mm. This

corresponds to the standard uncertainty of aGC due to the uncertainty of PGC of

approximately 0.4× 10−3 m/s2.

Therefore, the standard uncertainty in estimating aGC is estimated to be approx-

imately 3 × 10−3 m/s2. This corresponds to the standard uncertainty in estimating

the total force acting on the moving part of approximately 0.9× 10−3 N.

2.1.5 Discussion

The plotted lines in different runs of the moving part coincide well each other. The

coincidence suggests that the frictional force is measured with high reproducibility

even if the velocity of the moving part is changed. Thus, using the proposed method,

the frictional characteristics of linear bearings with some play in their mechanism

can be accurately evaluated. Conventional linear ball bearings have some play, and
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therefore the proposed method will contribute significantly to research on linear ball

bearings and the linear ball bearing industry. The evaluation of uncertainty of the

method has not been completely done. However, the authors estimate that the relative

standard uncertainty in measuring the frictional force is approximately 5 % in the

described experiment.

Using the proposed method, the relationships between the time, velocity, acceler-

ation, inertial force, position and pitching angle are accurately measured. Their small

changes in the short period can be observed. This will help in understanding the phe-

nomenon and mechanism of frictional force acting inside the linear ball bearing. In

the proposed method, only the time-varying frequency is measured during the sliding

experiment. The velocity, acceleration, inertial force and position are all calculated

from the measured time-varying beat frequency. This induces the synchronization

between the calculated physical quantities and the simplicity of the measurement

system.

The effect of pitching motion correction with the proposed method on the im-

provement in the measurement accuracy is significant, as shown in figure 2.5. This

fact also indicates that if only one cube-corner prism can be attached to the moving

part of the bearing, then the height of the optical center of the prism should be care-

fully adjusted to be the same as the height of its GC. This adjustment is severe and

troublesome especially when the measurement is done for various additional masses.

Moreover, the pitching angle cannot be monitored if only one cube-corner prism is

used. On the other hand, in the proposed method, the adjustment is not severe and

no changes of the height of the optical center of each prism and the optical setup are

required even when the additional mass is changed.

In the proposed method, the total mass of the moving part and the relative po-

sitions between the two measurement points and the center of gravity should be

measured beforehand. Once they are measured under a certain condition of attached

masses, then they can be calculated using the mass and the center of gravity of the
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additional attached mass. If the shape and the density distribution of the moving

part is enough known precisely, then the relative positions between the two measure-

ment points and the center of gravity can be numerically calculated. In this case, no

measurement of the center of gravity is necessary.

In the LMM, the measurement of frequency is essential. To improve the sampling

interval and the resolution of frequency measurement, the introduction of the novel

method [47,48] using a digitizer instead of an electric counter will be effective.

2.1.6 Conclusions

A novel method for evaluating the frictional characteristics of linear bearings with

some play in its mechanism was developed by modifying the levitation mass method

(LMM). In the measurement, the moving part of a linear ball bearing was made to

move freely, and the force acting on the moving part was measured as the inertial

force given by the product of its mass and the acceleration of its center of gravity.

To evaluate the acceleration of gravity center of moving part, the acceleration of t-

wo different points on it were measured using a dual-axis optical interferometer. The

measured results indicated the high reproducibility of the frictional force acting inside

the bearing and the high accuracy of the measurement. The precision measurements

of the frictional characteristics of the linear ball bearings, which are widely used in

many applications of mechanotronics and robotics, will help in understanding the

mechanics of friction and in developing an improved method for the position con-

trol of linear actuators with linear bearings. The proposed method will contribute

significantly to research on linear ball bearings and the linear ball bearing industry.

2.1.7 Future work

In section 2.1, we applied the LMM to estimate the dynamic fractional force of linear

ball bearing. As shown in our experiment, the key point in this experiment is how to

estimate the gravity center of the moving part. Therefore, in the future work, a more
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accuracy method is possible needed to estimate the gravity center. A possible choose

is using center-of-gravity attitude model. By using this method, the Euler angle (roll,

pitch and yaw angles) can be estimated.
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2.2 Method for evaluating the electro-mechanical

characteristics of a voice coil actuator

2.2.1 Introduction

High-precision control of linear actuators is required in various industrial and research

applications. For realizing the high-precision control, high-precision measurements

and models are required. In conventional tester, the force generated by the actuator

is measured using a force transducer, and the position of the actuator is measured

using a position transducer [49–52]. However, the force transducers are typically

calibrated by standard static methods using static weights under static conditions [5].

Therefore, it is difficult to evaluate the uncertainty in the measured varying force and

the uncertainty in the moment at which the varying force is measured.

To resolve this problem, LMM is modified and applied to evaluate the electro-

mechanical characters of a voice coil actuator when it is driven. In order to measure

the dynamic force generated by the actuator, a moving part as inertial mass is connect

to the actuator. When the actuator was driven, the inertial force of the moving

part, which is measured as the product of mass and acceleration, is considered as

the force generated by the actuator. The inertial force is measured using a laser

Doppler interferometer. The beat signals are stored into computer by using a low

cost digitizer. The frequencies of beat signals are measured using the zero-crossing

averaging method. In section 2.2.2, the experimental setup for evaluating the electro-

mechanical characteristics of a voice coil actuator is described. The performance of

the proposed method is demonstrated.

2.2.2 Experimental setup

Figure 2.7 shows a schematic diagram of the experimental setup for evaluating the

electrical and mechanical characteristics of a voice coil actuator. The voice coil ac-
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tuator (model: VCM26-02R; manufactured by Showa Electric Wire and Cable Co.,

Ltd., Japan) is connected to the moving part of an aerostatic linear bearing (model:

Air-Slide TAAG10A-02; manufactured by NTN Co., Ltd., Japan). A corner–cube

(CC) prism (for the interferometer) and some metal blocks (used for connecting the

mass with the actuator) are attached to the moving part; the total mass M is ap-

proximately 4.118 kg.
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Figure 2.7: Experimental setup for evaluating the electro-mechanical characteristics

of voice coil.

A Zeeman-type two-frequency He-Ne laser is used as the light source of the optical

interferometer. The interferometer has two photodetectors: PD0 and PD1. The fre-

quency difference frest between the two orthogonal polarization states emitted from

the laser is monitored using a Glan-Thompson prism (GTP) and the first photode-

tector PD0.

The total force F acting on the moving part of the aerostatic linear bearing is

calculated as the product of its mass M and its acceleration a:

F = Ma (2.7)

The acceleration is calculated from the velocity v of the levitated mass which is
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calculated from the Doppler shift frequency fDoppler:

v = λairfDoppler/2

= −λ(fbeat − frest/2) (2.8)

where λair is the wavelength of the signal beam under the experimental conditions;

fbeat is the beat frequency, which is the frequency difference between the signal beam

and the reference beam and appears as the beat frequency at PD1; and frest is the

rest frequency, which is the value of fbeat when the moving part is at a standstill.

The direction of the coordinate system for the velocity, acceleration, and force acting

on the moving part is toward the right, as shown in figure 2.7. The position x and

the acceleration a of the mass and the force F acting on the mass are numerically

calculated from the velocity v.

The frequency is calculated from the waveform recorded using a low-cost digitizer

(model: 5102; manufactured by National Instruments Corp., USA) based on the zero-

crossing averaging method (ZAM) [58]. The digitizer records the signals from both

PD0 and PD1 with 5 M samples for each channel, a sampling rate of 20 MS/s, and

8-bit resolution. The measurement duration of the digitizer is 0.25 s.

As shown in figure 2.8, the frequency fj is determined from Pj, which is the

duration of N periods: fj = N/Pj, where j ≥ 0. The starting time Tj and the ending

time Tj+1 of the duration Pj are calculated as the average time of (2n + 1) adjacent

zero crossings, where n is a nonnegative integer and represents the half width of the

averaging interval. The time of the zero crossings, ti(i = 0, 1, 2, · · · ), at which the

waveform crosses zero from the negative value to the positive value is determined by

linear interpolation using the two adjacent data points. Finally, Pj(j = 1, 2, 3 · · · ) is
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calculated as Pj = Tj+1 − Tj, and the frequency is given by fj = N/Pj, i.e.

Tj =
1

2n+ 1

jN+2n∑
i=jN

ti (2.9)

Pj = Tj+1 − Tj (2.10)

fj = N/Pj (2.11)

In this study, N = 400 and n = 190. The measurement period is approximately 0.14

ms when the moving part is at a standstill.
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Figure 2.8: Algorithm of zero-crossing averaging method (in the case, n=2, N=4).

The aerostatic linear bearing is attached to an adjustable tilting stage. The max-

imum weight of the moving part is approximately 30 kg, the thickness of the air film

is approximately 8 µm, the stiffness of the air film is more than 70 N/µm, and the

straightness of the guideway is better than 0.3 µm/100 mm. The frictional charac-

teristics were determined in detail by means of the developed method [55].

The voice coil actuator is driven by a voltage-current amplifier. A function gen-

erator is used to supply a square wave of 35 Hz to the amplifier. The voltage and

the current of the actuator are measured using a digital voltmeter (model: VP5481L;

manufactured by Panasonic Corp., Japan). The time axis of the measured electri-

cal quantities, namely, current and voltage, is adjusted to that of the mechanical

quantities using linear interpolation.
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The measurements performed using the digitizer and digital voltmeter are trig-

gered by means of a sharp trigger signal generated by a digital-to-analog converter

(DAC). In the experiment, only one oscillation test was conducted and only one set

of measurements was obtained.

2.2.3 Results and Discussion

Figure 2.9 shows the mechanical quantities measured during the experiment. First,

the frequency is calculated from the digitized output signal of the optical interfer-

ometer and then the velocity, position, acceleration, force, and mechanical power are

calculated from the frequency. In figure 2.9, approximately 8 periods of the recipro-

cating motion are observed.

Figure 2.10 shows the electrical quantities measured during the experiment. Al-

though the function generator supplies a square wave of 35 Hz to the voltage-current

amplifier, the current exhibits a dull waveform, while the voltage exhibits an overshoot

waveform.

Figure 2.11 shows the change in force against current and voltage. It is reasonable

and the same as the theoretical estimate that the force F is almost proportional

to the current I. The regression line is F = −2.3I − 0.14. Fine structures are

observed in the curves and they coincide well during the 8 periods of the reciprocating

motion. This indicates an accurate performance of the experimental setup and a high

reproducibility of the measurements. As shown in figures 2.10 and 2.11, there is noise

appeared at the times when the velocity arrived peak value. It’s may be that some

inertial force of the coil exited at those times.

Figure 2.12 shows the change in force, velocity, and voltage against position. The

reproducibility of these results is very high during the 8 periods of the reciprocating

motion.

Figure 2.13 shows the relationship between electric power and mechanical power.

The energy efficiency of the motor is very poor. The reproducibility of these results
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Figure 2.9: Mechanical quantities of the voice coil actuator measured during the

experiment.
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Figure 2.10: Electrical quantities measured during the experiment.
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Figure 2.11: Change in force against current and voltage.
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Figure 2.12: Change in force, velocity, current and voltage against position.

is very high during the 8 periods of the reciprocating motion.

The precise measurement data of a voice coil actuator under dynamic conditions

will be useful for understanding the phenomenon and the mechanism of its motion.

The high-precision measurements of the voice coil actuator realized by the proposed

method will contribute to improve the accuracy of the numerical model of the actuator

and the performance of the actuator under dynamic conditions and enable a precise

control of its motion.

In the proposed method, only frequency is measured during the oscillation experi-

ment; then, all the other mechanical quantities such as velocity, position, acceleration,

and force are numerically calculated. In addition, force is directly calculated accord-
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Figure 2.13: Relationship between electrical and mechanical power

ing to its definition, that is, the product of mass and acceleration.

2.2.4 Conclusions

A novel method for evaluating the electrical and mechanical characteristics of a voice

coil actuator is proposed based on the LMM. Using the proposed method, the electri-

cal and mechanical characteristics of a voice coil actuator are accurately determined

and force transducers are not needed.

2.2.5 Future work

Recently, a miniaturized voice cell motor actuator is modified as an auto-focusing

actuator. Therefore, a possible experiment for small size voice cell actuator is needed.

In this case, a small size cube-corner prism or mirror can be used to instead of the

moving part which used in section 2.2.
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2.3 Method for evaluating the electro-mechanical

characteristics of a piezo-electric actuators

2.3.1 Introduction

Piezo-electric (PZT) actuator, with high stiffness, compact size and high resolution,

has been applied in many areas related to precision position and force control and

measure [59–61]. The static output characteristics of conventional PZT actuator are

typically evaluated by standard static methods, e.g., using static weights under static

conditions. The dynamic outputs of PZT actuator including force and displacement

are usually measured by using force and displacement transducer, respectively. How-

ever, so far, no standard dynamic calibration method for force transducer has been

proposed. Instead of force transducer, a spring-mass-damper is used for dynamic

analysis the characteristics of actuators [62, 63]. The dynamic force is measured as

the impedance interactions between actuators and load structure, i.e., spring-mass-

damper. In this method, the stiffness of spring and the coefficient of piezoelectric thin

film stocked in actuator during motion direction are considered constant. However,

compound components such as piezo-stack actuators cannot be described sufficiently

by piezoelectric coefficients, which vary with temperature, pressure, electric field, me-

chanical and electrical boundary conditions etc. [64, 65]. A mass was loaded to PZT

actuator by using a rotating arm via a high stiffness transmission rod [66]. Several

displacement transducers were used to measure the rotation of the arm in order to

calculate the force generated or applied on PZT actuator. In this device, the ac-

curacy of displacement measurement is sensitive to temperature. Some models for

the dynamic analysis of the electro-mechanical characteristics of PZT actuator are

proposed [67, 68]. In those models, the design of mechanical parameters is based on

testing actuator with dead weight, known structure or transducer etc. Several kinds

of interferometer, such as signal frequency interferometer, laser Doppler interferom-
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eter and laser diode interferometer etc., are introduced to accurately measure the

displacement of actuators and piezoelectric thin film [69,70]. However, they failed to

measure the dynamic force.

This section aims to measure and evaluate the electric-mechanical characteristics

of piezo-electric actuators during dynamic condition based on LMM. The method

proposed in this section does not need any force transducer and the characteristics

of host or preloading. Our method, the modified LMM, is different from the con-

ventional Doppler velocimeter. First, in the LMM, the inertial force is measured

as the definition of force, the product of mass and acceleration. Second, the beat

frequencies of the laser lights are highly accurately calculated by the Zero-crossing

Fitting Method (ZFM) [31]. All other quantities, e.g., velocity, acceleration, displace-

ment and force, are calculated from the frequencies. In this section, a corner-cube

prism (CC) is attached to the tip of PZT actuators with high stiffness metal blocks.

The force generated by the actuator is calculated as the inertial force of the total

mass of CC and blocks. A laser Doppler interferometer is introduced to measure the

Doppler frequency shift caused by the motion of PZT actuators. Velocity, accelera-

tion, force, power and displacement of the actuators during motion are measured from

the Doppler frequency. Force-displacement behaviors of the actuators under dynamic

condition are evaluated. The relationships of energy conversion between electrical

and mechanical domains are also evaluated based on the observed results.

2.3.2 Experimental setup

A schematic diagram of experimental setup and photographs of measurement system

are shown in figures 2.14 and 2.15, respectively.

A CC is attached to a piezo-stack actuator with some metal blocks and the total

mass of metal blocks including the CC is 9.07 g. The actuator is driven by a sinusoidal

signal at a frequency of 100 Hz which is generated by a function generator and am-

plified by a piezoelectric driver. The actuator is connected with a shunt resistor. The
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Figure 2.14: Experimental setup for evaluating the electro-mechanical characteristics

of PZT.

voltage of actuator and shunt resister are measured by a digital voltmeter (DVM),

which is based on a data acquisition card (PCI-6221, manufactured by National In-

struments Corp., USA). The current of actuator is calculated as the current of shunt

resistor. A discharger is used for discharging the actuator.

A Zeeman-type two-frequency He-Ne laser is used as the light source of the laser

Doppler interferometer. The interferometer has two photo-detectors: PD0 and PD1.

The waveforms appearing at PD0 and PD1 are recorded using a digitizer (model:

5102; manufactured by National Instruments Corp., USA) with the sampling rate

of 20 MS/s and the sampling length of 5 M, then the frequencies are accurately

calculated from the waveform using ZFM, in which all the zero-crossing are used for

estimating the frequency in each measurement period [31].

The frequency difference, frest, between the two orthogonal polarization states

light emitted from the laser is monitored using a Glan–Thompson prism (GTP) and

PD0. The total force, F , acting on the attached mass is calculated as the product of
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Figure 2.15: Photographs of measurement system.

its mass M and acceleration a as follows:

F = Ma (2.12)

In the measurement, F is considered to be generated by the actuator and applied

to the mass at the contact surface between the actuator and the mass. The acceler-

ation is calculated from the velocity of mass which is measured as the Doppler shift

frequency fDoppler.

v = λairfDoppler/2 (2.13)

fDoppler = frest − fbeat (2.14)

where λair is the wavelength of the signal beam under the experimental conditions, and

fbeat that appeared at PD1 is the beat frequency, which is the frequency difference

between the signal beam and the reference beam. The direction of the coordinate
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system for the velocity, acceleration and force is toward the right in figure 2.14. Its

origin is set to be the center of movement of the actuator. All the other mechanical

quantities, such as the position, acceleration and force of the mass, are numerically

calculated from the velocity.

2.3.3 Zero-crossing fitting method
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Figure 2.16: Algorithm of zero-crossing method (periods N=5).

Zero-crossing fitting method (ZFM) has been proposed by Y. Fujii for estimating

frequency form the zero crossing times of the digitized waveform [31], as shown in

figure 2.16 . To apply the ZFM, a harmonic model function is divided into segments

by a factor N which indicates the periods of waveform, each characterized by its

period Tj and phase 2πPj/Tj. The difference between the zero crossings time tk of

the model function and the sampled signal is given as:

Cj(Tj, Pj) =
N−1∑
i=0

[
ti+j(N−1) − (iTj + Pj)

]2
(2.15)

Then equation (2.15) can be minimized in the least–square sense by varying all {Tj}
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and {Pj} independently of each other.
∂C

∂Tj

= 2
N−1∑
t=0

[
ti+j(N−1) + (iTj + Pj)

]2
(−i)

∂C

∂Pj

= 2
N−1∑
t=0

[
ti+j(N−1) + (iTj + Pj)

]2
(−1)

(2.16)

Set:
∂C

∂Tj

=
∂C

∂Pj

= 0 (2.17)

Then we can get:

N(N − 1)(2N − 1)

3
Tj +N(N − 1)Pj = 2

N−1∑
i=0

itt+j(N−1)

N(N − 1)Tj + 2NPj = 2
N−1∑
i=0

tt+j(N−1)

(2.18)

From equation (2.18), the frequency can be obtained.

fj =
1

Tj

=
N(N − 1)(N + 1)

12
N−1∑
i=0

iti+j(N−1) − 6(N − 1)
N−1∑
i=0

ti+j(N−1)

(2.19)

Thus, for each interval j containing N zero crossing times tk (k = 0, 1, 2 . . . N) of the

sampled signal, the frequency can be calculated from equation (2.19)

2.3.4 Results

Three PZT actuators with difference size named as P1, P2 and P3 shown in Table

2.1 are tested by the above mentioned experimental setup. All the actuators are

discharged before tested. In the figures hereinafter shown, the data set obtained

from the experiment of 0.1 s is shown. Since the driven signal and data processing

for three actuators are same, figure 2.17 only shows the mechanical and electrical

quantities of P1, which are measured by using our experimental setup. Figure 2.17(a)

shows the frequencies frest, fbeat and the other mechanical quantities, such us velocity,
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Table 2.1: Specification of PZT actuators P1, P2 and P3.

Name Dimensions Displacement(100V) Capacitance

P1 10 ×10 ×18 mm 15 µm 6.59 µF

P2 6.5 × 6.5 ×18 mm 15 µm 1.6 µF

P3 3.5 × 4.5 ×10 mm 9.1 µm 0.18 µF

acceleration, force, mechanical power and displacement of actuator P1, calculated

from the frequencies. The mechanical power is calculated as the product of force

and velocity. Figure 2.17(b) shows the electrical quantities, voltage, current and

electric power applied on P1. Usually, PZT actuator is considered as a capacitance

load [73,74]. While, the phase difference between voltage and current is approximately

80.9◦ in figure 2.17(b). This is because the phase difference is influenced by the back-

emf, due to the hysteresis [75,76].

The relationships between the instantaneous mechanical power Mp and instanta-

neous electrical power Ep of P1, P2 and P3 (from left-to-right) are shown in figure

2.18. The regression lines of P1, P2 and P3 are:

• P1: Mp = 4.4× 10−6Ep − 7.27× 10−11,

• P2: Mp = 1.56× 10−5Ep + 5.53× 10−11 ,

• P3: Mp = 1.24× 10−3Ep + 1.4× 10−9.

The results show that small size of actuator can transform electric power into mechan-

ical power more effectively. The efficiency of converting average power of electrical

(Eave) power to mechanical (Mave) power of P1, P2 and P3 (Mave/Eave) are 4.8×10−7,

7.25 × 10−6 and 8.63 × 10−5, respectively. Most of the electric energy seems to be

dissipated in the form of heat.

Figure 2.19 shows a set of figures of voltage and current against displacement

and force of the three actuators. These figures show that the hysteresis of the PZT
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Figure 2.17: (a) The frequency of beat and rest laser beam, and mechanical quantities

of PZT actuator P1; (b) The electrical quantities of PZT actuator P1.
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tric power of P1, P2 and P3 from left to right.
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actuators caused by voltage is larger than current. Particularly, the long length in

the axial direction causes large hysteresis as shown in figure 2.19(a,c). The high

reproducibility of data indicates that the hysteresis loops are congruent due to the

input variation within the same range.
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Figure 2.19: Voltage and current applied on the actuator, against displacement and

force;

(a) P1; (b) P2 and (c) P3.

Figure 2.20 shows the velocity and force against displacement of the actuators P1,

P2 and P3. Ten periods of reciprocating motion are recorded during this experiment.

The reproducibility of data is very high during reciprocating motion. The regression
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line of force F against displacement x is:

For actuator P1: F = −3.56× 103x+ 3.02× 10−7

For actuator P2: F = −3.54× 103x+ 7.35× 10−5

For actuator P3: F = −3.49× 103x− 1.15× 10−4

From Figure 2.20, the actuators can be regarded as a spring with spring constant

about 3.56× 103 N/m of P1 (kp1), 3.54× 103 N/m of P2 (kp2) and 3.49× 103 N/m

of P3 (kp3). In sinusoidal operation, the spring constant k can be concluded as:

k = 4π2mefff
2 from manufacturer, where f is the operation frequency, meff is the

effective mass which relates to the loading and measuring point [65]. If the measuring

point is assumed at the tip of PZT actuator, then meff is considered as the mass of

attachment, and k is equal to 3.58× 103 N/m, which is 0.56% higher than kp1, 1.12%

higher than kp2 and 2.58% higher than kp3. It may be because the measuring point

where the acceleration is measured by interferometer is not equal to the tip of PZT

actuator. In other words, this error may be caused by the mass between the tip of

PZT actuator and the measuring point. The correlation coefficients of the fitting line

in figure 2.20 are higher than 0.9, indicating a very well linear relationship between

force and displacement generated by the actuator.

Using the proposed method, the electro-mechanical characteristics of PZT actua-

tors which are being driven can be measured easily and accurately. Force, which acts

on the mass attached to the actuator under test, is measured as the inertial force of

the mass itself, i.e., F = Ma. This is the most significant compared with other con-

ventional methods. In this section, only three sizes of stack piezo-stack actuators are

tested. However, the developed method can be easily applied to evaluate the dynamic

characteristics of different type of actuators and to evaluate the actuator driven by

different types of excitation (e.g., changing the waveform, frequency or amplitude of

the drive signal). This experiment is also able to calibrate actuators and estimate a

mass whose inertial force can be measured by the calibration using the actuators.
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Figure 2.20: Velocity and force changed against displacement; (a) P1; (b) P2 and (c)

P3.
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Figure 2.20: Cont.

Precision measurements of the electrical and mechanical characteristics of the

actuator should contribute to understanding the mechanism of the actuator and re-

alizing more precision controllability of the actuator.

2.3.5 Discussion

Piezoelectricity involves the interaction between the electrical and mechanical behav-

ior of the material. This interaction has been approximated by static linear relations

between two electrical and mechanical variables 2.20:

S = sET+ dE

D = dT+ εTE (2.20)

where S is a strain tensor, T is a stress tensor, E is an electric field vector, D is an

electric displacement vector, sE is an elastic compliance matrix when subjected to a

constant electric field (the superscript E denotes that the electric field is constant), d

is a matrix of piezoelectric constants and εT is a permittivity measured at a constant

stress.
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The piezoelectric effect is, however, very non-linear in nature. Piezoelectric ma-

terials exhibit for example a strong hysteresis and drift that is not included in the

above model. Figure 2.19 also shows that the hysteresis caused by voltage is larger

than by current. It’s reasonable because, when connected electrically, the actuator

acts like a non-linear capacitor which changes its capacitance even when the input

voltage is kept constant. In order to remove the hysteresis, some methods such as

voltage driver, charge driver and capacitor insertion method are used. The advantage

and disadvantage of these three methods are listed as following:

1. For voltage driver: it’s easy to use and does not reduce the operating range and

bandwidth of a piezoelectric actuator. However, it comes with the disadvantage

of having to cope up with hysteresis and creep. This affects precise positioning

while using a piezoelectric actuator.

2. For charge or current driver: it’s easy to remove the hysteresis and get linear

control. However, the simplicity of such linear control is bought at the expense

of the increased electronic complexity required for effective charge control.

3. For capacitor insertion method: it’s easier than using charge driver method.

The piezoelectric actuator’s characteristics become more linear by using this

method. While, the reason behind this method is the requirement of higher

voltage input.

2.3.6 Conclusions

A precision method for evaluating the electrical and mechanical characteristics of

actuators is proposed and demonstrated by evaluating the characteristics of three

PZT actuators with difference size which are being driven. The main feature of the

proposed method is that only two physical quantities are needed to be measured.

One is Doppler frequency shift and the other is mass. Compared with traditional

methods, force transducer, displacement transducer and known load structure are
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not needed in this method. This method will be useful for better understanding the

dynamic characteristics of PZT actuators during motion and for precisely controlling

its position under dynamic conditions.

2.3.7 Future work

In the future, a three-dimensional measurement of the PZT actuator is needed. The

three dimensional measurement of the actuator can be realized by means of introduc-

ing three interferometers with three signal beams, which are not in the same plane

and introduced to the CC attached to the actuator. Each signal beam has the sen-

sitivity only for the component of the movement of the optical center (OC) of the

CC of the signal beam’s direction. If the gravity center (GC) of the attached mass

coincides with the OC of the CC, then the force component along each signal beam

can be calculated as the product of the mass and the acceleration of the OC along

the direction of each signal beam.
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2.4 High speed tester

2.4.1 Introduction

For studying and evaluating the properties of materials under dynamic loading con-

ditions, the levitation mass method (LMM) has been used [54, 56, 71, 77–80]. In the

LMM, the inertial force is calculated as the product of mass and acceleration which is

measured using a dual-frequency (f1, f2) laser Doppler interferometer. While, in forth

and back motion, the measurable velocity of interferometer is limited at the critical

velocity vc = λ|f1 − f2|/2. In order to obtain high measurable velocity, interferome-

ter including an acousto-optic modulator [81] or two frequency laser system utilizing

the birefringent effect is used [82]; and a birefringent dual frequency He-Ne laser is

developed to get frequency difference range from zero to several hundred MHz [83].

However, these methods increase the complexity of optics and their costs.

Y. Fujii has developed a dual beat-frequencies laser Doppler interferometer (DB-

LDI) with low frequency difference laser for measuring the high velocity in forth and

back motion [84]. In DB-LDI, two laser beams with difference frequency are both used

as reference and signal beams which compose two beat signals. Although the veloc-

ity calculated from one of the beat frequencies reaches critical velocity, the velocity

calculated from the other beat frequencies is far from critical velocity. Therefore, by

using this interferometer, the high velocity in forth and back motion can be measured.

In this section, a high-speed impact testing method for evaluating materials is

proposed. An inertial mass as a moving part is levitated using an aerostatic linear

bearing. The mass is collided with a material under test by given a high initial velocity.

The velocity of the mass which is even higher than the critical velocity before and

after collision is measured by DB-LDI from Doppler frequency shift. Subsequently,

the position, acceleration and impact force of the mass and the mechanical hysteresis

and energy consumption of the material during the collision are evaluated.
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2.4.2 Principle of dual beat-frequencies laser Doppler inter-

ferometer

Figure 2.21 shows a schematic of a dual beat-frequencies laser Doppler interferome-

ter (DB-LDI). The light source is a Zeeman-type two-frequency He-Ne laser, which

generates a pair orthogonally polarized laser light at two frequencies with a difference

frest = (f1 − f2), where f1 and f2 are the frequencies of laser lights and f1 > f2. The

two beams are both divided into reference beams and signal beams by a non-polarized

beam splitter. The reference beams are returned by a corner-cube prism (CC1) with

their polarization rotated by a quarter-wave plate. Finally, the reference beams are

divided at each frequency by a polarized beam splitter (PBS). f1 is introduced into

a photodetector (PD1), and f2 is introduced into the other photodetector (PD2).

The signal beams are returned by CC2 with their frequencies modulated by Doppler

shift. The modulated beams, f
′
1 and f

′
2 are divided by the PBS. f

′
2 is introduced

into PD1, while f
′
1 is introduced into PD2. Therefore, each PD detects a beat signal,

fbeat1 = |f1 − f
′
2| and fbeat2 = |f ′

1 − f2|, respectively.

The frequencies of the signal beams modulated by Doppler shift are described as:

f
′

1 = f1 − fDoppler (2.21)

f
′

2 = f2 + fDoppler (2.22)

fDoppler = −2v/λ (2.23)

where λ is the wavelength of the laser and v is the velocity of CC2.

Figure 2.22 shows the calculated relationships between the velocity and beat fre-

quencies when frest = 1.76 MHz and λ = 632.9 nm. In the case of laser Doppler

velocimetry using a single beat signal, which is the conventional method, v is calcu-

lated using the following equation:

v =
λ

2
(fbeat1 − frest)

= −λ

2
fDoppler (2.24)
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Figure 2.21: Schematic of dual beat-frequencies laser Doppler interferometer (DB-
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When v is below a critical velocity, −vc = −λfrest/2 = −0.56 m/s, the velocity

calculated from fbeat1 is not correct. Because |f1−f
′
2| is positive even though (f1−f

′
2)
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becomes negative. The same problem occurs for fbeat2 when v > vc. −vc is lower

limitation for v for using fbeat1 and vc is upper limitation for v for using fbeat2. This

is a serious problem for measurement of back and forth motion using a single beat

signal. To overcome this problem, both fbeat1 and fbeat2 are used.

In the velocity calculation step, fbeat1 and fbeat2 are used to detect whether v

reaches upper or lower limitation. Then, v can be calculated from fbeat1 and fbeat2 as

follows:

(a) Calculate using fbeat1

v1 =


λ

2
(fbeat1 − frest) (fbeat1 − fbeat2 > −2frest)

−λ

2
(fbeat1 + frest) (fbeat1 − fbeat2 = −2frest)

(2.25)

(b) Calculate using fbeat2

v2 =


λ

2
(fbeat2 + frest) (fbeat1 − fbeat2 = 2frest)

−λ

2
(fbeat2 + frest) (fbeat1 − fbeat2 < 2frest)

(2.26)

By using equation (2.25) and (2.26), the two velocities can be calculated using

both fbeat1 and fbeat2. The two velocities can be used to enhance the accuracy of

the velocity of object by averaging the velocities, while the frequencies of both beat

signals are inside the dynamic range of this method is limited only the dynamic range

of the frequency measurement method. The dynamic range of this method is limited

only the dynamic range of the frequency measurement method and it can be extended

more easily than increasing the frequency difference of the laser.

2.4.3 Experimental setup

Figure 2.23 shows the experimental setup for an impact test with high impact velocity.

A moving part levitated using an aerostatic linear bearing is used to generate impact

force, when it is collided with the elastic material under test. A corner-cube prism

(CC1) and some metal blocks for adjusting the colliding point are attached on the
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moving part. The total massM of this combination approximate 17.938 g is measured

by using a commercial electronic scale. The inertial force as the product of mass M

and acceleration a, i.e. Finertial = Ma, is accurately measured by using DB-LDI.
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Figure 2.23: Experimental setup for testing material with high impact velocity.

In DB-LDI, the light source (HP5518A, Hewlett-Packard) generates a pair orthog-

onally polarized light beams at two frequencies (f1, f2) with a frequency difference

frest = f1−f2. The light from laser source is divided into two lights by a non-polarized

beam NPBS0. One of them is detected by a photodetector (PD0) and the other is

introduced to NPBS1. The two beams with difference frequencies are both divided

into signal and reference beams by NPBS1. The reference beams are reflected by

CC0 which is static and their polarized direction are rotated by a quarter-wave plate

λ/4. The signal beams are reflected by CC1 and their frequencies are modulated by

Doppler shift fd, i.e. f
′
1 = f1 + fd and f

′
2 = f2 + fd. The modulated beams and

reference beams are divided into two interference beams by a polarized beam splitter

(PBS) according to their polarized direction. The beat frequencies of interference
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beams detected by detector PD1 and detector PD2 are named as fbeat1 and fbeat2,

respectively. A low-coast digitizer (NI 5102, by National Instruments Corp., USA)

is used to record the intensity waveform of interference signals from PD0, PD1 and

PD2 with sampling rate of 20 MHz and sampling length of 5 M for each channel.

The measurement system is triggered by a light switch which is composed by a

laser diode and a photodetector. The impact force F is treated as the inertial force

generated by the moving part, i.e. F = Ma, since the friction force between the

moving part and an aerostatic linear bearing is small enough [56]. The acceleration

is calculated from the velocity v of CC1 which is measured from Doppler frequency

shift by DB-LDI by using equation (2.25) and (2.26).

2.4.4 Results and Discussion

Figure 2.24: Frequencies of beat signals measured using dual beat-frequencies Laser

Doppler interferometer.
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The moving part is given a high initial velocity before triggering the experiment

system. Figure 2.24 shows the frequencies, fbeat1, fbeat2 and frest, measured using

DB-LDI. These frequencies are calculated from the recorded digital waveforms of

the interference signals by using a zero-crossing fitting method (ZFM) [31]. The rest

frequency frest and the wavelength of the laser which we used are 1.77 MHz and 632.9

nm, respectively, therefore, the critical velocity is ±0.56 m/s. As shown in figure 2.24,

before the collision, the beat frequencies fbeat2 and fbeat1 are 3.99 MHz and 0.45 MHz,

respectively. The Doppler frequency shift calculated from fbeat2 is 2.22 MHz which

is higher than 1.32 MHz calculated from fbeat1. It’s because Doppler frequency shift

is higher than rest frequency before colliding. In other words, the velocity of CC1

is lower than -0.56 m/s. After collision, the inertial mass moves back, the frequency

fbeat1 increases to 3.66 MHz and fbeat2 decreases to 0.23 MHz. Doppler frequency shift

calculated from fbeat2 is lower than it calculated from fbeat1. That means the velocity

of CC1 is higher than 0.56 m/s.

Figure 2.25 shows the velocity of CC1 calculated from single beat frequency fbeat1

or fbeat2. It clear shows that the velocity of CC1 cannot be accurately measured when

it higher or lower than critical velocity, ±vc = ±0.56 m/s, by using traditional single

beat frequency laser Doppler interferometer.

Figure 2.26 shows the velocity v of CC1 which is calculated using v1 and v2. The

velocity v is approximate −0.71m/s before collision and 0.60 m/s after collision, which

is lower than −vc (0.56 m/s) and higher than vc (0.56 m/s), respectively. The velocity

v1 and v2 are calculated from Doppler frequency shift by using equation (2.25) and

(2.26). As shown in figure 2.26, if only using v1 or v2, the time resolution of v is very

low when the beat frequencies fbeat1 and fbeat2 near 0 Hz. While by using v1 and v2,

the time resolution of v is very high.

Figure 2.27 shows the position, acceleration and impact force calculated from the

velocity during the experiment. The origin of horizontal axis is set at the beginning

of collision. Impact force F is considered as the inertial force of the moving part.
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Figure 2.25: Velocity of CC1 measured using single beat frequency laser Doppler

interferometer.

The maximum impact force applied on material is approximately 7.1 N when the

acceleration arrives 396.5 m/s2 as shown in figure 2.27 (b) and (c).

As shown in figure 2.28, the displacement of material changes approximately 2.81

mm during the collision. The elastic hysteresis of material is obtained in this experi-

ment. The area of hysteresis loop is the energy dissipated due to material plasticity.

Figure 2.29 shows the force changing against velocity. The absolute value of

velocity changed from 0.71 m/s to 0.60 m/s after collision due to material plasticity.

The energy dissipates approximate 0.08 J during the collision, which is calculated as:

∆E =

∫
F · vbefdt−

∫
F · vaftdt

where vbef and vaft mean the velocity before and after collision.

The experiment results demonstrate the performance of the proposed method. In

this method, the measurable velocity is not limited by the frequency difference of
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Figure 2.26: Velocity of CC1 measured using dual beat-frequencies laser Doppler

interferometer

laser even the difference is low. By using this method, materials can be evaluated

with high impact velocity using a low frequency difference laser based on LMM. In

addition, this method also can be developed to test materials or structure under kinds

of force such as step force and oscillation force by change the motion of the moving

part.

2.4.5 Conclusions

This section presents a high-speed impact testing method for evaluating materials

with high impact velocity. The material is collided by a levitated mass which is

moved by giving a high initially velocity. The impact force is measured as the inertial

force of the mass which is measured using a dual beat-frequencies laser Doppler

interferometer. A low frequency difference laser is used as the light source of the
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Figure 2.27: Position, acceleration and force calculated from velocity (a-c).

interferometer. During the collision, the Doppler frequency shift even higher than

the frequency difference is accurately measured. Subsequently, the velocity, impact

force, position, acceleration, mechanical hysteresis and energy dissipation of materials
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Figure 2.27: Position, acceleration and force calculated from velocity.

Figure 2.28: Force changing against displacement.
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Figure 2.29: Force changing against velocity.

during collision are evaluated.

Table 2.2: Comparison of the methods for measuring high velocity.

Methods Frequency difference Measurable velocity

Acousto-optic modu-

lator

∼ 20 MHz ∼ 5.1 m/s

Utilizing birefringence

effect

40 MHz∼1 GHz 12 m/s∼300 m/s

Birefringence Zeeman

laser

3∼40 MHz 0.9 m/s∼12 m/s

DB-LDI no limitation of low or

high frequency differ-

ence

not limited by the fre-

quency difference

As shown in table 2.2, compared with other methods, by using DB-LDI, the mea-
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surement method and experimental setup are more easier than using above-mentioned

methods.

2.4.6 Future work

Based on the LMM and dual beat-frequencies laser Doppler interferometer, the ma-

terials can be tested with high collision velocity. Therefore, in the future work, we

will try to testing the materials with typical force such as impulse and step force

with high collision velocity. In this case, the spring and damping characteristics of

the load mass may be needed to considered. It’s because that the formula (1.1) is an

ideal formula in the low frequency range. As the results shown in [85], the deviations

increase rapidly when the frequency higher than 2 kHz.
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Chapter 3

Conclusions and Future Prospects

of the LMM

Levitation mass method is one of high-precision force measurement method developed

by Y. Fujii. Due to its simple structure and high-precision, LMM has been modified to

suit the dynamic force calibration of force transducers against some typical dynamic

forces, such as impact force, step force and oscillation force. It’s also used to evaluate

the viscoelasticity of materials under impact load. Moreover, with a reference force,

the mass of object can be estimated by using LMM. Based on the study of LMM,

this thesis furthers the application of LMM, improves the property of laser Doppler

interferometer and first proposes a new algorithm for calculating the acceleration. In

this chapter, we summarize the key developments in this thesis and point out areas

for future research.

3.1 Conclusions

Section 2.1 of chapter 2, the dynamic frictional characteristics and pitching angle of

the linear ball bearings is precisely measured by using the LMM. In the measurement,

two corner-cube prisms are attached to the difference points of the moving part which
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is connected to the linear ball bearing. The results will help in understanding the

mechanics of friction and in developing an improved method for the position control

of linear actuators with linear bearings.

Section 2.2 and 2.3 of chapter 2 provide the methods for evaluating the electro-

mechanical characteristics of a voice coil and a piezo-electric (PZT) actuator. While,

the experimental devices for evaluating voice coil and PZT actuator are different.

1. For evaluating the voice coil, a moving part is connect to the coil. The force

generated by coil is considered as the inertial force of moving part. In this case,

the friction force of air bearing should be carefully considered.

2. For evaluating PZT actuator, a corner cube prism is attached on the top of

actuator directly.

Section 2.4 of chapter 2 describes a high speed material tester. In this tester, the

high inertial velocity which is given to moving part is accurately measured using a dual

beat-frequencies laser Doppler interferometer (DB-LDI). In DB-LDI, two laser beams

with difference frequencies are used to combine two beat signals. The measurable

velocity is not limited by the frequency difference, even the frequency difference is

low. Based on LMM, the mechanical characteristics of a material under test against

impact force with high collision velocity are evaluated by using DB-LDI.

3.2 Future Prospects of the LMM

Also LMM is modified for dynamic calibration force transducer and material testing.

The following areas are recommended for future research:

1. Expansion the testing range of force from 1 mN ∼ 1 kN.

2. Improving the accuracy of frequency estimation.

3. Testing materials in room temperature (from low to high temperature).
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4. In order to remove the influence of atmosphere, putting the moving part in a

vacuum environment.
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