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Abstract: Giant magnetostrictive actuators (GMA) are widely used in the field of servo valves, but the
displacement of GMA is limited, which renders meeting the requirements of large flow direct-drive
electro-hydraulic servo valves (DDV) difficult. In order to solve these problems, this study proposes
a double-row bow-type micro-displacement amplifier (DBMA), used to increase output displacement
of GMA to meet the requirements. This study, by static analysis, analyzes the force of a flexure
hinge based on theoretical mechanics and material mechanics, derives the stiffness matrix of the
flexure hinge by the influence coefficient method, establishes the pseudo-rigid model, and derives
the amplification ratio of a DBMA. Also, by kinetic analysis, using Castigliano’s second theorem,
a formula of equivalent stiffness and natural frequency of DBMA were derived and the influences
of different parameters on them were analyzed, respectively. After that, we analyzed the amplifier
using finite element method (FEM) simulation software and verified the model by manufacturing
a prototype and building a test system. Theoretical calculations and experimental results showed
that the amplification ratio of the DBMA fluctuated between 15.43 and 16.25. The natural frequency
was about 305 Hz to 314 Hz and the response bandwidth was up to 300 Hz. The error among the
theoretical, simulated, and experimental values was within 8%, supporting the accuracy of the model.

Keywords: micro-displacement amplifier; giant magnetostrictive actuator (GMA); pseudo-rigid
model; servo valve

1. Introduction

Giant magnetostrictive material (GMM) possesses excellent mechanical properties and frequency
response characteristics [1,2]. Giant magnetostrictive actuators (GMA), which are designed with GMM
as their core, have the faster response and larger output displacement than actuators made of similar
materials (such as piezoelectric actuator and shape memory alloy actuator), etc. [3] With great load
capacity, GMA exhibit broad application prospects in the field of electro-hydraulic servo systems.
Based on GMA, the new Direct Drive Servo Valve (GMM-DDV) can improve response speed and
reliability under the premise of ensuring a certain flow rate [4-10]. However, in respect to output
requirements, the output displacement of GMA is limited, usually micrometers, and it is difficult to
directly drive a mechanism that requires a large stroke. Therefore, an appropriate micro-displacement
amplifier must be designed [11-13].

At present, micro-displacement amplifiers used in the field of precision machinery can be roughly
divided into mechanical type and hydraulic type. Among them, the hydraulic amplifier is mainly based
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on Pascal’s theorem. Hwan-Sik Yoon et al. developed a hydraulic amplifier for piezoelectric actuators
and verified it experimentally [14]. Yu et al. improved the hydraulic amplifier with a diaphragm
structure and applied it to direct drive servo valves; the displacement amplification ratio was 9, and the
governing error of valve spool was less than 1% [15]. Mechanical amplifiers usually feature a flexure
hinge structure, which has the advantages of no back stroke, no friction, smooth motion, and high
resolution. Paros and Weisbord derived a design formula for flexure hinges [16,17]. Sujit designed
and manufactured a micro-displacement amplification mechanism based on the triangle principle,
established a pseudo-rigid body model, and performed FEM simulations and experiments. The actual
magnification was about 1.5 times [18]. Huang designed a diamond-shaped micro-displacement
amplifier with bidirectional active output that features a symmetrical structure design and uses
4 actuators [19]. Huang et al. designed a skew-symmetric amplifier that converts a linear input into
an angular output [20]. Lobontiu et al. used Castigliano’s second theorem to derive a closed-loop
analytical formula of the stiffness of the bow-type amplifier and studied the influence of the relevant
geometric parameters on its stiffness [21]. Wan used the kinetic energy theorem to consider the stiffness
of the overall moving pair and the rotational stiffness of the flexible hinge, and derived the parameters
affecting amplifier displacement and amplification ratios [22]. Muraoka used a honeycomb design and
proposed an array-type mechanical amplifier with a more compact structure [23]. Wei used a hybrid
flexible hinge to design a bow-and-pin magnification mechanism with multi-stage magnification [24].
Ling et al. designed a two-stage bow-type amplifier with a large range and high frequency and
established a displacement amplification ratio formula by defining the impedance factor [25,26]. Zhang
et al. designed a bow-type amplifier and established its simplified model [27]. Ye et al. used the matrix
method to establish the flexibility matrix of the bow-type amplifier and derived its output displacement
formula and amplification formula [28,29]. The theory of micro-displacement amplifiers for valves has
developed from simple studies of stress-strain relationships to the comprehensive utilization of the
law of energy, Castigliano’s second theorem, vibration theory, and matrix theory, which have much
improved theoretical research and made models more precise and accurate. Nevertheless, the amplifier
requires too much space, as compared with the actuator, and the space utilization rate is too low [30].
Therefore, the structural design needs to be optimized to improve the space utilization rate.

2. Static Analysis of Double-Row Bow-type Micro-Displacement Amplifier (DBMA)

According to the principle of energy conservation, when the output energy W of the GMA is
determined, the amplification ratio R provided by the micro-displacement amplifier is larger, and the
force Fyy at the output end of the amplifier is smaller, as in Equation (1):

W = xjy X Fiyy = Xout X Fout + W
Xout = Xin X R (1)
Fout < Fin/R

where x;, and Fj, are respectively the displacement and force provided by the GMA, x,,; is the output
displacement of the amplifier, and W is the loss during amplification. Therefore, the amplification
ratio of the micro-displacement amplifier cannot be unrestricted, and the optimum amplification ratio
should be reasonably selected in consideration of practical applications.

The basic principle of the bow-type micro-displacement amplifier is the Pythagorean theorem,
as shown in Figure 1.

The three sides of the right triangle are 4, b, and ¢, and the length of the hypotenuse c is constant.
When the leg a is elongated by Ag, the leg b is shortened by Ab. 0 is the angle between the shortest leg
and the hypotenuse in the triangle.
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Figure 1. Amplification method based on the Pythagorean theorem.

According to Pythagorean theorem

P24 = 2
2 2_ 2 @
(a—NDa)"+ (b+Ab) =c
Ignoring the second order infinitesimal, the amplification rate is
Aa b
/\_ENE_tanG, 3)

When b > a, A > 1. Therefore, in the amplifier design process, when the hypotenuse is unchanged,
the long leg should be elongated, and the short leg should be shortened.

The bow-type amplifier is shown in Figure 2. Four oblique sides 4, b, ¢, d, and hypotenuses ¢ and f
form four right triangles. The length of the hypotenuse a is constant; when the input end elongates,
the leg ¢ of the triangle elongates as well, and the leg h shortens as a result. This means that the output
end outputs displacement to both sides, and the ratio of displacement amplification depends on the
angle between the sides a and h.
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Figure 2. Simplified diagram of a bow-type amplifier.

DBMA is shown in Figure 3. In order to increase the amplifier’s amplification ratio and meet the
output force requirements simultaneously, the two bow-type amplifiers are used in series.
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Figure 3. Structure of the double-row bow-type micro-displacement amplifier (DBMA).

In DBMA, a large dimensional difference exists between the flexure hinge and the arm, and the
deformation concentrates on the flexure hinge. Therefore, the arm can be regarded as a rigid body;,
and the flexure hinge can be regarded as a flexible rod, or a thin plate fixed at both ends. The working
principle of the flexure hinge is shown in Figure 4.

Figure 4. The working principle of the flexure hinge.

It shows that, when the flexure hinge is subjected to the horizontal force F, a horizontal deformation
Ax will occur; when subjected to the moment M, a vertical deformation Ay and an angle AO will occur.
The force of the arm is shown in Figure 5.

‘FA A
e _j M

h M3 Fs
A
1 B Y

Figure 5. The force of the arm.

The two sides of the arm are respectively subjected to the horizontal forces F4 and Fp, which
generate the moments My and Mp at the flexure hinges A and B. It is easy to draw conclusions from
the static balance theory:

Fo=Fp
_ _ @)
2My =2Mp = Fp'h

Since DBMA is a symmetric structure, its 1/8 model is chosen, as shown in Figure 6.



Micromachines 2020, 11, 312 50f 15

PR e
Tl b K 7
bf' 11‘ mio L WH& c
2 I$ I
- el =
ms [ ! !
| | |
N
: |

Figure 6. DBMA'’s 1/8 model.

Since the output displacement of the GMA is small compared to the size of the amplifier,
the bending angle AQ of the flexure hinge is also small, so the chord length causing by the rotation of
the arm is approximately equivalent to the arc length. Therefore, it can be seen that under the action of
the input force, the horizontal displacement d; and vertical displacement d,, in 1/8 DBMA model are:

{ dy =20y +h-AO 5)
dy =2Ax +eA6

Where, Ax = K%, Ay = % and AO = KMQ are respectively the x-axis and y-axis deformation and
the rotation deformation of flexure hinge, h = I; — I is the height difference between the two flexure
hinges, Kj, and Kj,, are respectively the stiffness of flexure hinge on the x-axis and y-axis, and K is the
angular stiffness of the supporting arm.

According to the pseudo-rigid-body model, the deformation of the flexure hinge can be regarded
as a stretch-bend combination deformation, which can simplify the flexure hinge as a combination of a
tension spring and a torsion spring. The pseudo-rigid-body model of DBMA is shown in Figure 7.

]
IS}
S
]

Figure 7. Pseudo-rigid body model of DBMA.

Using the influence coefficient method, as shown in Figure §, the stiffness coefficient matrix of the
hinges at both ends of the arm can be obtained.
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Figure 8. The influence coefficient method. (a) w =0,0=1(b)w=1,0=0.

In Figure 8a, w = 0, 6 = 1; in Figure 8b, w = 1, 6 = 0. So the stiffness coefficient matrix is

12EL 0

K=| P 6

—[ 0 20k ] (6)
12

where EI, is the bending stiffness of the flexure hinge, / and e are the length of the flexure hinge and
the arm respectively, E is the elastic modulus of the material, I, = % is the moment of inertia of the
flexure hinge, and b is the thickness of the flexure hinge, d is the thickness of the amplifier (also the
width of the flexure hinge).

Therefore, the amplification ratio of DBMA is

R My _ 41(3h* + 81> + 4el) )
~dy  4b%e+ 821+ 3ehl

The partial derivatives of , i, e, b to R, respectively, is

IR _ 16(8b2?14-3b2eh?+32b%el?+320213 +3¢2 1> +12ehl®)

IR _ >0

ol (4b2e-+8b21+3ehl)’

IR __ 121(8b%eh+16b2h1—4e>*+3eh?|-8el®) <0

oh 4b2e+8b21+3ehl)” ®)
IR _ _ 12hl(4b*h+3h21+81%)

de (4b2e-+8b21+3¢hl)”

OR __ _ 32bl(e+21)(3n*+81>+4el)

db (4b2e-+8b21+3¢hl)”

It can be seen from Equation (8) that in the positive range, R increases as [ increases, and decreases
as i, e and b increase. The relationship between R and the parameters #, [, e and b, respectively, is shown
in Figure 9.
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Figure 9. Relationship between Rand 1, [, ¢, b.
3. Kinetic Analysis of DBMA

Since the DBMA is used to drive the servo valve spool to move, it is necessary to pay attention to
the output force change while considering the amplification ratio. Known as

F=k )

When the output displacement [ is a constant, the larger the stiffness k, the larger the output force
F. In order to meet the demand for the output force of the DBMA, the equivalent stiffness k should be
increased as much as possible under the demand of the output displacement.
The DBMA could be regarded as a mass-spring system, and its vibration equation can be
expressed as
Mii+Ku =0 (10)

Consider the DBMA as a single-degree-of-freedom system, using its simplified model, as shown
in Figure 6. According to the vibration theory, its natural frequency is

1 [Ke
fn:E m_e (1)

where K, and m, are respectively the equivalent stiffness and the equivalent mass of the DBMA.
According to the pseudo-rigid body theory, the flexure hinge can be regarded as an ideal rotating
joint. As shown in Figure 7, the overall elastic potential energy of the system is

1 1 1
U= 16(§K1x(Ax)2 + 3Ky (By)* + E1<9(A9)2) (12)

According to the Castigliano’s second theorem

u F
K = 13
[5)=(a) w
where u = ‘;—g is the displacement of the arm in the x-axis direction, and 0 is the arm rotation angle.
According to Equation (13), the flexure hinge coupling stiffness is

B Eb3d(e +21)
320212 4 16eb2] + 6h212 + 3214 + 16el3

(14)

K.
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The partial derivatives of K, with respect to [, i, e, b, d, respectively, are

IKe _ _EVd(42e 116076l + 16012+ 126224 3eh?1 4860+ 312 4481%)
al 12(16b214-8¢b2+3h21+ 1613 +8el2 )
Ky _ 3Ebdh(e+21)
oh (16b2148¢b2+3h21+ 1613+ 8el2)?
9K, 3EL3dn?
= >0 15
de " 2(16b21+8eb?+3h21+1613+8el2) (15)

K, __ Eb?d(e+21)(16b%14-8eb>+-9h214-4813 +24el?)
db 21(16b214-8eb?+3h21+1613+8el2)?
K, _ Eb® (e+21) >0
dd T 320212 ++16eb214+-6h212 43214 4-16¢l3

>0

It can be seen from Equation (15) that, in the positive range, K, decreases as [ and h increase,
and increases as e, b, and d increase. The relationship between K, and the parameters #, I, e and b,
respectively, is shown in Figure 10.

3000 :
g i
2500 \ iyl
| ——b
LR: e
~2000
E ‘& —+—d
E \\
Z 1500 '\6{
) 1Y
1000 | % |
\KJ - e
RARREERE +-¢—-—H—|—Ei:,+ ; ***_**-***** 1
e abb TPeoas,
0 - : :
0 5 10 15

length (mm)

Figure 10. Relationship between K, and k, I, ¢, b, d.

The kinetic energy of the DBMA consists of the vibration along the x-axis and y-axis and the
rotational kinetic energy around the z-axis of each arm.

14 14
1 2.2 1 2
T = EZ (it + 11, ) + E(Z ]kwk] (16)
k=1 k=1
where m; is the mass of each arm (where m; = m3 = ms5 = my = mg = My = My = My,

my = meg = Mg = mMi3), Uy, = 2dy_is the displacement of each arm in the horizontal direction,
and uy, = 2d,, is the displacement of each arm in the vertical direction.
The moment of inertia Jy(k = 1,3,5,7,8,10, 12, 14) and the angular velocity of rotation w of the
arm can be expressed as
Je = tymil (L =1)* + (1 +¢)?]
ity (17)

W= ——
44)(lh=11)*+(I+e)*

Substituting Equation (17) into Equation (16), the following equation can be obtained.

1 9 2 5 my .2
=l g+ (g + gt 5 2 i 18)

Therefore, the equivalent mass of the DBMA is

1 9 2 5 My
Me —(ﬁ+z)m1+(ﬁ+z)m2+7+2ml1 (19)
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According to Equations (14) and (19), the natural frequency of the DBMA is

Eb3d(e+21)

1 JKe 1 32072+ 16621+ 6122 + 321 + 16e3
= Ve = T\ S 1 (Bt Dt 2 -
e (F + Z)m1 + (ﬁ + 1)m2 + 5 + 2mqq

The partial derivatives of K, and R to f,, respectively, is

% _ (m142my) \/Edb3(€+21) >0

R 2R3 /(320224 166b21-+ 6122+ 321+ 1663 ) i3 1)
In _ b2+ 8b21+3ehl o

Ke ™ \ K l(3h2+-812+4el)

It can be seen from Equation (21) that the natural frequency f, of the DBMA is positively correlated
with the amplification ratio R and the equivalent stiffness K., that is, increasing either R or K., the natural
frequency can be increased.

4. Simulation Research on DBMA

The DBMA was analyzed by finite element method (FEM) software. The values of various
parameters are shown in Table 1.

Table 1. Size of DBMA for simulation.

Parameters Description Value
c Width of arms 1,3,5,7,8,10,12,14 10 mm
a Width of arms 2,6,9,13 10 mm
d Thickness of the amplifier (also the width of the flexure hinge) 10 mm
) Length of the flexure hinge 441 mm
e Length of the arms 2,6,9,11 19.90 mm
Is Width of arm 11 9 mm
I Length of arms 2,6,9,13 45.47 mm
E Elastic modulus of the material 215 Mpa

The meshing result is shown in Figure 11. And static deformation simulation results are shown in

Figure 12.

N/

K

£
2N

KT
B
2

Figure 11. Meshing result in finite element method (FEM) software.
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Figure 12. Static deformation simulation results in FEM software. (a) The deformation of DBMA,
(b) The stress distribution of DBMA.

We selected different b and & for 30 FEM simulations; the theoretical values and simulation results
were compared, as shown in Figure 13.

Tﬁlgeoretical value and Simulation value about R and b Tg%eoretical value and Simulation value about R and h

—— Theoretical value t\ —— Theoretical value
20F A —+—Simulation value | 701 \\ —+—Simulation value ||
R
*\\ 60 \
18 - e \
= %
S Py 50 ¢
= 16 ~— 1 = \
S Il
* :\%\* 40
14 S ]
T % 30t *,_,\‘b\#.,_,_
w_ ™~ o R
12 e ves 20 - \N\ i
~k_ & £ ‘*\w

= ——

10 10
0 0.5 1 L5 0 0.5 1 L5 2 25 3
b (mm) h (mm)
(a) (b)

Figure 13. The effect of b and h on R respectively. (a) Theoretical and simulation values of R and b,
(b) Theoretical and simulation values of R and h.

It can be seen from Figure 13 that when the thickness b of the flexure hinge changed, the theoretical
value of the amplification ratio R fit the simulated value better, and the error was within 7%. With respect
to the relationship between / and R, when /1 > 1.2 mm, the theoretical results were very close to the
simulation results. When h < 1.2 mm, the theoretical value of R differed greatly from the simulated
value. The simulated value reached the maximum point when / = 1.2 mm. In the theoretical calculation,
R was negatively correlated with h. This was because when the & was small, the height difference
between the two flexure hinges was also small, and the deformation mainly manifested as the tensile
deformation of the flexure hinge. The properties of the material were taken into account in the
simulation calculation, but were not included in the theoretical calculation, thus causing an error.

We selected i = 2.6 mm, b = 0.6 mm, re-established the model, applied a uniform force of 0-800 N,
and recorded the input displacement and output displacement respectively, as shown in Figure 14.
It can be seen from the analysis that the input displacement change of the DBMA was approximately
linear with the output displacement change. Therefore, under the uniform force of 0-800N, the static
deformation of the DBMA remained nearly unchanged, and the amplification ratio was stable at
around 15.3. Compared with the theoretical calculation, the relative error was 6.06%.
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Figure 14. Relationship between input and output.

Using the modal simulation function in the FEM software, the first six modes of the DBMA were
obtained as shown in Figure 15.

Eigenfrequency=33.282 Hz Eigenfrequency=124.1 Hz

(b)

Eigenfrequency=155.98 Hz Eigenfrequency=314.13 Hz

(c) (d)

Eigenfrequency=670.56 Hz Eigenfrequency=762.84 Hz

(e) ()

Figure 15. First six mode shapes. (a) first order mode shape, (b) second order mode shape, (c) third
order mode shape, (d) fourth order mode shape, (e) fifth order mode shape, (f) sixth order mode shape.
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It can be seen from Figure 15 that the fourth-order mode shape of the DBMA was the same as
that of the single-degree-of-freedom model, and other mode shapes caused displacement in other
directions. In the FEM simulation results, the frequency of the fourth mode was 314.13 Hz, and the
natural frequency is 293.9 Hz in the theoretical calculation. The difference between them was 6.44%.
The theoretical calculation was in good agreement with the simulation results.

5. Experimental Verification of DBMA

According to the theoretical calculation and simulation research, a DBMA-GMA prototype was
made and a corresponding test system was built, as shown in Figure 16b.

GFS00W power anplifi -
At e ‘ﬂ. , Microtrak™ 3-L.TS-025-02

ESIPICOscope digital oscilloscope laser displacement sensor £ Aﬂ‘
i : ‘ "y 1
| ; ! '
F

<
PICO-TA189 S
current clamp|

o

o — 1
ey _ MA&DBMA
IT6932A programmable <
= — voltage source !
Rigol-DG1022U signal generator

(a) (b)

Figure 16. Test System. (a) Monitoring part of the test system, (b) Measuring part of the test system.

As is shown in Figure 16, a Rigol-DG1022U signal generator (Shenzhen Keruijie Technology Co.,
Ltd., Shenzhen, China) was used to generate the excitation signal, which was amplified by the GFS00W
power amplifier (Army Engineering University, Shijiazhuang, China) to drive the DBMA-GMA.
Displacement was measured using the Microtrak™ 3-LTS-025-02 laser displacement sensor (MTI
Instruments, Inc., Washington, USA), which was supplied by the IT6932A programmable voltage
source. The input current value was monitored by the PICO-TA189 current clamp and the test data
were acquired by the PICO scope digital oscilloscope (PicoTechnology Inc, Cambridgeshire, UK).

A sinusoidal signal was used to excite the DBMA-GMA, with the signal frequency changing
between 30 Hz and 70 Hz with 10 Hz as the gradient and the input current changed between 1 A-5 A
with 1 A as the gradient, and the axial and transverse displacement of the DBMA-GMA is measured
by the laser displacement sensor. During the experiment, 10 measurements were made for each point.
The maximum and minimum value in the data were removed during processing, and the mean value
of the remaining 8 data was taken. Finally, the displacement response curve of the DBMA-GMA under
the excitation of the sinusoidal signal could be obtained as Figure 17 shows.

As can be seen from Figure 17, both the input and output displacements were approximately
proportional to the current, with good linearity. It shows that in the range of 30-70 Hz, the dynamic
performance of the DBMA was relatively stable, and the amplification ratio fluctuates between
15.43-16.25. The error between the experimental results and the theoretical calculation was between
1.6% and 3.56% and was between 2.81% and 8.17% from the simulation calculation.

Sinusoidal frequency sweep signal of 0-400 Hz is applied to the DBMA-GMA, and the current
was set as 4A. After the measured data were sorted out, the relationship between frequency and
displacement was obtained as shown in Figure 18.
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Figure 17. Response of sinusoidal excitation. (a) Input displacement & current, (b) Output displacement
& current, (c) Amplification ratio & current.
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Figure 18. Displacement & Frequency.

It can be seen from Figure 18 that the measured natural frequency of the DBMA was 305.01 Hz,
with an error of 3.67% from the theoretical calculation and 2.87% from the simulation result.

6. Discussion

In this study, we designed a DBMA and performed mathematical modeling, simulation modeling,
and experimental verification. In the experimental verification, we chose a larger size prototype for
analysis. There were two reasons for this choice: One was to avoid the influence of machining errors
on the experimental accuracy; the other was that such a large amplifier was required due to the size of
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the giant magnetostrictive actuator. However, we believe that the size of the prototype had no effect on
the accuracy of the model for the following reasons:

(a) Inmathematical modeling, we did not discuss the size of the model, so mathematical models were
established at the micron and millimeter levels. However, it should be noted that the condition
for the assumption in Figure 4 was that the thickness of the arm needed to be much larger than
the flexure hinge, in order to treat the arm as a rigid body, and the flexure hinge as a thin plate
with fixed ends to simplify the model.

(b) In the simulation analysis, we actually established more than one size model. The simulation
results show that when all the size parameters of the model were enlarged or reduced in
proportion, there was no effect on the amplification ratio. When only a few parameters were
changed, the results changed. These results are shown in Figures 9, 10 and 13.

(c) Since the size of the actuator of the giant magnetostrictive servo valve reached the millimeter
level and an amplifier was used with the actuator, we did not make a smaller prototype for
experiments. However, from the results of mathematical modeling and simulation, we believe
that such structures and modeling methods would be correct at larger or smaller sizes.

7. Conclusions

a.  This paper establishes a pseudo-rigid model of DBMA, analyzes the stress form of flexure hinge,
and derives the stiffness matrix of flexure hinge by the influence coefficient method.

b. A static and kinetic analysis of DBMA was carried out, and a formula of displacement
magnification was derived. Using Castigliano’s second theorem, a formula of equivalent
stiffness and natural frequency of DBMA were derived. The effects of different parameters on
the magnification, equivalent stiffness, and natural frequency were analyzed, respectively.

C. A simulation of DBMA was carried out using FEM simulation software. A prototype of DBMA
was fabricated, a corresponding test system was built, and experimental research was conducted.
Errors of theoretical calculation, simulation results, and experimental data were all within 8%,
which supported the correctness of the model.

d.  Theoretical research and experimental results show that the displacement amplification ratio of
DBMA was stable at about 15.5, the natural frequency is about 305Hz to 314Hz, and the response
bandwidth was up to 300 Hz, which satisfy the servo valve output requirements.

Author Contributions: Conceptualization, Z.H.; methodology, ].Z. (Jiawei Zheng) and G.L.; software, G.B. and
J.Z. (Jingtao Zhou); formal analysis, G.L.; data curation, G.L., G.B. and M.C.; writing—original draft preparation,
G.L.; project administration, Z.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (No. 51275525).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Olabi, A.-G.; Grunwald, A. Design and application of magnetostrictive materials. Mater. Des. 2008, 29,
469-483. [CrossRef]

2. Engdahl, G. Handbook of Giant Magnetostrictive Materials; Academic Press: Cambridge, MA, USA, 2000.

3. Janocha, H. Application potential of magnetic field driven new actuators. Sens. Actuators A Phys. 2001, 91,
126-132. [CrossRef]

4. Goodfriend, M.; Sewell, J.; Jones, C. Application of a magnetostrictive alloy, terfenol-D to direct control of
hydraulic valves. SAE Trans. 1990, 364-369.

5. Goodfriend, M. Material Breakthrough Spurs Actuator Design. Mach. Des. 1991, 63, 147-150.

6.  Urai, T,; Tanaka, H. Development of a Giant Magnetostrictive Actuator and the Application to a Servo valve.
Trans. Jpn. Hydraul. Pneumatics Soc. 2001, 32, 53-57.

7. Richard, J.A. Magnetostrictive Valve Assembly. U.S. Patent 7,469,878, 30 December 2008.


http://dx.doi.org/10.1016/j.matdes.2006.12.016
http://dx.doi.org/10.1016/S0924-4247(01)00619-7

Micromachines 2020, 11, 312 15 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Karunanidhi, S.; Singaperumal, M. Design, analysis and simulation of magnetostrictive actuator and its
application to high dynamic servo valve. Sens. Actuators A 2010, 157, 185-197. [CrossRef]

Wang, C. Giant magnetostrictive actuator in servo valve and micro pipe robot. Chin. J. Mech. Eng. 2005, 18,
10. [CrossRef]

Li, L.; Zhang, C.; Yan, B.; Li, X. Research of a Giant Magnetostrictive Value with Internal Cooling Structure.
IEEE Trans. Magn. 2011, 47, 2897-2900. [CrossRef]

Zhu, Y,; Li, Y. A novel jet pipe serve valve driven by giant magnetostrictive actuator. Piezoelectr. Acoustoopt.
2010, 32, 574-577.

Tanaka, H.; Urai, T. Development of a Giant Magnetostrictive Tandem Actuator and the Application to a
Servo Valve. Trans. ISCIE 2001, 14, 110-116.

Sun, T.; Li, G.; Lou, J.; Qiu, H. Design of a New Fast Servo Tool Based Flexible Hinges. |. Vib. Shock 2016, 35,
160-166.

Yoon, H.-S.; Washington, G.; Eyabi, P.; Radhamohan, M.; Woodard, S.W.; Dayton, R. A Millimeter-Stroke
Piezoelectric Hybrid Actuator using Hydraulic Displacement Amplification Mechanism. In Proceedings of
the 2006 IEEE International Symposium on Industrial Electronics, Montreal, QC, Canada, 9-13 July 2006;
pp- 2809-2813.

Yu, J. Design and Simulation Study on New Servo Valve Direct Driven by Piezoelectric Actuator Using
Hydraulic Amplification. J. Mech. Eng. 2013, 49, 151. [CrossRef]

Paros, ].M.; Weisboro, L. How to design flexure hinges. Mach. Des. 1965, 37, 151-157.

Xue, S.; Li, Q. Design of Precision Instruments; Tsinghua University Press: Beijing, China, 1991.

Pardeshi, S.; Kandharkar, S.; Deshmukh, B. Monolithic compliant slider crank mechanism for motion
amplification. Mater. Today Proc. 2017, 4, 1677-1682. [CrossRef]

Huang, W.; Shi, X.; Wang, Y. Design of diamond piezoelectric micro displacement amplification mechanism.
Opt. Precis. Eng. 2015, 23, 803-809. (In Chinese) [CrossRef]

Huang, Z.; Mei, J.; Ming, T.; Hu, J.; Chen, D. Design and Analysis of Micro-displacement Mechanism Based
on Flexure Hinge. Hoisting Conveying Mach. 2017, 3, 15-19.

Lobontiu, N.; Garcia, E. Analytical model of displacement amplification and stiffness optimization for a class
of flexure-based compliant mechanisms. Comput. Struct. 2003, 81, 2797-2810. [CrossRef]

Wan, J.; Zhong, L. Study and Analysis of Amplification Ratio Characteristics of Bridge Micro-displacement
Amplification Mechanism. China Water Transp. 2018, 18, 117-119.

Mikio, M.; Shin, S. Displacement Amplifier for Piezoelectric Actuator Based on Honeycomb Link Mechanism.
Sens. Actuators A 2010, 157, 84-90.

Dong, W.; Chen, E; Gao, F; Yang, M.; Sun, L.; Du, Z.; Tang, ]J.; Zhang, D. Development and analysis of a
bridge-lever-type displacement amplifier based on hybrid flexure hinges. Precis. Eng. 2018, 54, 171-181.
[CrossRef]

Ling, M.; Cao, J.; Jiang, Z.; Lin, J. Theoretical modeling of attenuated displacement amplification for multistage
compliant mechanism and its application. Sens. Actuators A 2016, 249, 15-22. [CrossRef]

Chen, S.; Ling, M.; Zhang, X. Design and experiment of a millimeter-range and high-frequency compliant
mechanism with two output ports. Mech. Mach. Theory 2018, 126, 201-209. [CrossRef]

Zhang, Z.; Su, J.; Hu, H. Optimum Design of Bridge-Type Compliant Mechanism with Direct Coupling.
Robot 2010, 32, 119-124. [CrossRef]

Ye, G.; Li, W,; Wang, Y.; Yang, X.; Yu, L. Analysis on Displacement Amplification Ratio of a Flexible
Bridge-Type Micro-Displacement Mechanism. Robot 2011, 33, 251-256. [CrossRef]

Li, W,; Ye, G.; Wang, Y.; Yang, X. Study of Properties of a kind of Bridge-type Micro-displacement Mechanism.
J. China Univ. Min. Technol. 2011, 40, 148-152.

Liu, G.; He, Z; Zheng, J.; Zhou, J.; Bai, G. The Development of Micro-displacement Amplifier Applied on
Electrohydraulic Servo Valve. Chin. Hydraul. Pneum. 2020, 1, 66-73. (In Chinese)

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.sna.2009.11.014
http://dx.doi.org/10.3901/CJME.2005.01.010
http://dx.doi.org/10.1109/TMAG.2011.2157902
http://dx.doi.org/10.3901/JME.2013.02.151
http://dx.doi.org/10.1016/j.matpr.2017.02.007
http://dx.doi.org/10.3788/OPE.20152303.0803
http://dx.doi.org/10.1016/j.compstruc.2003.07.003
http://dx.doi.org/10.1016/j.precisioneng.2018.04.017
http://dx.doi.org/10.1016/j.sna.2016.08.011
http://dx.doi.org/10.1016/j.mechmachtheory.2018.04.003
http://dx.doi.org/10.3724/SP.J.1218.2010.00119
http://dx.doi.org/10.3724/SP.J.1218.2011.00251
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Static Analysis of Double-Row Bow-type Micro-Displacement Amplifier (DBMA) 
	Kinetic Analysis of DBMA 
	Simulation Research on DBMA 
	Experimental Verification of DBMA 
	Discussion 
	Conclusions 
	References

