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Abstract: A non-contact piezoelectric actuator is proposed. The non-contact power transfer between
stator and rotor is realized by pneumatic transmission, characterized by fast response, long life,
compact structure, and easy miniaturization and control. The structure of the non-contact piezoelectric
actuator is designed and its working principle is elucidated. The equation of the relationship between
the output displacements of the non-contact piezoelectric actuator’s micro-displacement amplifying
mechanism and the input displacements of piezoelectric stack is deduced, and the simulation analysis
method of output displacement of the micro-displacement amplifying mechanism is established.
Using the equation and the simulation analysis, the output characteristics of micro-displacement
amplifying mechanism for the non-contact piezoelectric actuator and their changes along with the
system parameters are investigated. The detailed process of optimal design of the micro-displacement
amplifying mechanism is given by means of mathematical statistics. The prototype is made and
the performance test is carried out. The correctness of the theoretical calculation and simulation
analysis is verified by comparing the experimental values with the theoretical and simulated values
of the output displacement of the micro-displacement amplifying mechanism. The results show
that the initial angle of bridge structure I has an obvious effect on the output characteristics of the
micro-displacement amplifying mechanism in the range of 5°-15°. When the lever’s rod length is
13 mm-15 mm, the bridge structure II's rod length is 6 mm—-7 mm, and the power arm length of
bridge structure I's driving lever is 5 mm-7 mm, the bridge structure II's rod horizontal projection
length is 5 mm-6 mm and the output displacement of the micro-displacement amplifying mechanism
is larger. Through the optimal design, it is obtained that the bridge structure I's initial angle is 8°, the
lever’s rod length is 15 mm, the bridge structure II's rod length is 7 mm, and the power arm length
of bridge structure I driving lever is 5 mm, the bridge structure II’s rod horizontal projection length
is 6 mm, and the simulated output displacement of the micro-displacement amplifying mechanism
is 0.1415 mm. The prototype test reveals that as the input excitation displacement decreases, the
error increases, while as the input excitation displacement increases, the error decreases. Specifically,
when the input excitation displacement is 0.005 mm, the measured output displacement of the micro-
displacement amplifying mechanism is 0.1239 mm, resulting in a 19.8% deviation from the theoretical
value and a 12.44% deviation from the simulated value. The research work in this paper enriches
the research achievements of non-contact piezoelectric actuators, and also provides a reference for
designing small structure and large travel micro-displacement amplifying mechanisms of this type
of actuator.

Keywords: non-contact piezoelectric actuator; micro-displacement amplifying mechanism; structural
design; output characteristics
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1. Introduction

With the rapid development of science and technology, whether in traditional man-
ufacturing or high-tech fields, industrial products are constantly developing towards
miniaturization and intelligence. The demands for actuators used in micro rotary ma-
chinery, characterized by lightweight, integration, and intelligence, are increasing, Higher
requirements are put forward for the performance of the actuators such as fast response,
low heat, long service life, etc.

Piezoelectric actuators convert electrical energy into mechanical energy to achieve
movement output by exploiting the anti-piezoelectric effect of piezoelectric materials. They
are characterized by their small size, rapid response, high displacement resolution, low
energy consumption, no magnetic field, easy control, etc. [1-8]. As a result, the industri-
alization of piezoelectric actuators is developing rapidly. Various types of piezoelectric
actuators have been successfully used in fields such as those of precision instruments,
biomedical science, micro-robots and lunar probes, etc. [9-18].

Based on the contact form of the stator and rotor, the piezoelectric actuators include
two types: contact type and non-contact type. The contact type of the ultrasonic actuator
is the oldest and most famous piezoelectric actuator. It stimulates the stator to generate
resonance at the ultrasonic frequency, so that the stator obtains the required amplitude to
drive the rotor, and drives the rotor movement through the friction force. Piezoelectric
inertia [19] motors use the inertia of a body to drive it in small steps by means of an
uninterrupted friction contact. they are especially suited for miniaturization and use in
mobile phone cameras due to their simple structure and inherent fine-positioning capability.
Sashida et al. [20,21] developed a standing wave ultrasonic motor and a travelling wave
ultrasonic motor. Based on travelling wave ultrasonic motor proposed by Sashida et al.,
Ishe [22,23] proposed a ring-shaped travelling wave ultrasonic motor in which the teeth
were manufactured on the vibrator. It enlarged the vibrating amplitudes of the vibrator
and the motor efficiency was increased. Delibas et al. [24] proposed a new type of frictional
piezoelectric ultrasonic motor of one longitudinal and two bending type (L1B2) by using a
rectangular piezoelectric prism as the oscillator. The motor has good controllability and the
moving speed ranges from 1.0 micron/s to 1.0 m/s.

However, due to the repeated friction between stator and rotor contact surfaces, the
traditional piezoelectric actuator produces material wear and a lot of energy consumption,
which reduces the service life. This kind of actuator is not suitable for long-term continuous
operation, which limits the application field [25,26]. For it instead, non-contact piezoelectric
actuators are proposed and investigated [27-29].

As early as 1990, Nakamura et al. [30,31] developed a non-contact piezoelectric ul-
trasonic motor with liquid as the medium, and carried out theoretical and experimental
research. Yamayoshi et al. [32] proposed a non-contact ultrasonic motor in which the fluid
between the stator and the rotor is used to transmit torque and a speed of 3000 r/min was
obtained under the excitation voltage of 100 V. Stepanenko et al. [33] studied a non-contact
rotary piezoelectric motor driven by standing wave which is composed of an annular stator
with bending vibration and an asymmetric rotor with blades. Qiu et al. [34] proposed a
non-contact piezoelectric rotary motor modulated by giant electrorheological fluid, which
has the maximum torque of 1.04 mN-m and speed of 6.98 rad/s. Compared to the motor
using traditional electrorheological fluid, the motor performance is significantly improved.
Nandi et al. [35] presented a non-contact vibration actuator with electromagnet installed on
the piezoelectric stack. The resolution of piezoelectric stack extension is at the nanometer
level. Xing et al. [36,37] combined piezoelectric and electromagnetic drives and designed a
non-contact rotating piezoelectric motor based on electromagnetic clamping, studying its
output torque. It used a flexible magnifying mechanism to amplify the micro-displacement
generated by the piezoelectric stack. Shi et al. [38] proposed a non-contact ultrasonic motor
based on near-field acoustic levitation and made experimental devices to test its opera-
tional performance. Wang et al. [39] proposed a non-contact rotating piezoelectric actuator
based on the electromagnetic modulation mechanism and rigid magnification mechanism,
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investigated its nonlinear dynamics, and determined the conditions for generating chaotic
vibration. Chen et al. [40] proposed a non-contact ultrasonic motor based on acoustic
streaming, and carried out a theoretical analysis and test. When the drive voltage was
1430 V, the rotor speed could reach 28 r/min.

In order to fully exploit the superiority of piezoelectric actuators and reduce the
influence of friction loss between the stator and rotor of the contact actuator on the response
speed and service life of the actuator, and also expand the research field of non-contact
piezoelectric actuation, the authors propose a non-contact piezoelectric actuator that realizes
power transmission between the stator and rotor through pneumatic conveying.

The structure and working principle of the non-contact piezoelectric actuator are
introduced. The equation of the relationship between the output displacements of the non-
contact piezoelectric actuator’s micro-displacement amplifying mechanism and the input
displacements of the piezoelectric stack are deduced, and the simulation analysis method of
the output characteristics of the micro-displacement amplifying mechanism is established.
The output displacements of the micro-displacement amplifying mechanism and their
changes along with the system parameters are investigated by the equation and simulation
analysis. The theoretical results are compared with the simulation results. The validity of
the theoretical analysis method for the output characteristics of the micro-displacement
amplifying mechanism is verified. Based on mathematical statistics, the detailed process
of optimal design of the micro-displacement amplifying mechanism is provided. The
prototype is made, and the performance test is carried out. The results of the experiment,
theory, and simulation are compared and analyzed. The validity of the design of the
micro-displacement amplifying mechanism, the correctness of the theoretical calculation
method, and the simulation analysis approach for output characteristics are verified.

2. Structure and Operating Principle

The structure of the non-contact piezoelectric actuator is shown in Figure 1. The
actuator mainly consists of a driver module and a transmission module.

11

(@) (b) ()

Figure 1. Structure of the non-contact piezoelectric power actuator. (a) 3D structure; (b) driver
module; (c) transmission module; 1—piezoelectric stack; 2—displacement amplifying mechanism;
3—piston; 4—cylinder housing; 5—upper bearing housing; 6—gyrorotor; 7—output shaft; 8—lower
bearing housing; 9—lower shell; 10—upper shell; 11—upper cover.

The driver module includes a piezoelectric stack, a displacement amplifying mecha-
nism, a piston, and a cylinder housing. The output displacement of a piezoelectric stack
after applying an electrical signal is small, so it is often necessary to enlarge the displacement
in practical applications to meet the needs of long-distance precise drive. The matching
displacement amplifying mechanism adopts a symmetrical three-stage micro-displacement
amplifying structure with flexure hinges. The structure has the advantages of compact
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structure, no need for assembly, smooth movement, high sensitivity, no mechanical friction,
no lubrication, and high reliability, etc. The displacement generated by the piezoelectric
stack is amplified to effectively push the piston to move along the axial direction of the
inner cavity of the cylinder housing.

The transmission module includes an upper bearing housing, a gyrorotor, an output
shaft, and a lower bearing housing. The cylinder root of the upper bearing housing is
uniformly arranged with a fan-shaped circular truncated cone hole biased toward the
central axis, which is helpful to guide the input and output air current and increase its
speed blowing to the top of the gyrorotor.

The gyrorotor is a rotating body with multiple pairs of spiral blades, which is firmly
connected to the output shaft. The lower bearing housing is provided with a fan-shaped
circular truncated cone hole, which is tangent to the slope of the helical blade at the root of
the gyrorotor and distributed uniformly along the central axis, easily accommodating the
air that blows to rotate the gyrorotor out and in. The bearings supporting the rotation of
the gyrorotor and the output shaft are one-way bearings, to prevent the air into the closed
cavity to drive the output shaft reverse rotation.

Figure 2 shows the operation principle of the non-contact piezoelectric actuator. The
actuator is powered by a piezoelectric stack embedded in a displacement amplifying
mechanism. When the rising saw-tooth wave voltage signal is applied, the piezoelectric
stack creates longitudinal deformation. The deformation is amplified by the displacement
amplifying mechanism and pushes the piston to move down along the inner cavity of
the cylinder housing. The volume of the closed cavity enclosed by the piston, cylinder
housing, and upper bearing housing is reduced, the air in the cavity is compressed, and its
pressure increases. The compressed air is blown to the top of the gyrorotor through the
circular truncated cone hole on the upper bearing housing, which drives the rotor to rotate.
The rotor drives the output shaft connected with it to rotate and realize the non-contact
transmission of power. Then, after blowing to the top of the gyrorotor, the air will flow
to the root of the gyrorotor along the cavities between the spiral blades, and then drains
out of the actuator along the circular truncated cone hole in the lower bearing housing to
reduce the accumulation of air in the lower shell which would prevent the rotor rotating.

In order to better understand the driving principle of the actuator, the deformation
of the piezoelectric stack, the motion of the amplifying mechanism and the piston after
the actuator was applied with saw-tooth wave voltage signal are described in Figure 2ef.
Among them, the dashed lines in the actuator structure diagram represent the position
of the piezoelectric stack, the amplifying mechanism, and the piston before the voltage
signal is applied, and the solid lines represent the position of the piezoelectric stack, the
amplifying mechanism, and the piston after the voltage signal is applied. The dashed
and solid lines represent the deformation of the piezoelectric stack, the motion of the
amplifying mechanism and the piston. The solid lines in the saw-tooth wave voltage
signal diagram indicate the applied saw-tooth signal, while the dashed lines indicate the
unapplied saw-tooth signal.

When the electrical signal becomes a descending saw-tooth wave voltage signal, the
piezoelectric stack shrinks rapidly and returns to its initial state, and the displacement
amplifying mechanism also returns to its original position and pulls the piston to move
upward along the axial direction of the inner cavity of the cylinder housing. The volume
of the closed cavity enclosed by the piston, the cylinder housing, and the upper bearing
housing increases, and a partial vacuum is formed in the cavity. Under the action of
atmospheric pressure, the air outside the cavity enters the closed cavity through the circular
truncated cone hole on the lower and the upper bearing housing, restores its initial state,
and prepares the next operation process. Now, the rotor will continue to rotate because of
inertia to the output power.
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Figure 2. The operation principle of the non-contact piezoelectric actuator. (a) initial position;
(b) rising edge voltage signal; (c) falling edge voltage signal; (d) schematic diagram of periodic
saw-tooth wave voltage signal applied to the piezoelectric stack; (e) The motion of the driver module
after the actuator has applied the rising saw-tooth wave voltage signal (the solid lines); (f) The motion
of the driver module after the actuator has applied the descending saw-tooth wave voltage signal
(the solid lines). Note: The arrows in Figure 2 indicate the direction of structural movement at specific
locations within the work area.

The electrical signal becomes a rising saw-tooth wave voltage signal again, and the
piezoelectric stack repeats the above action; the volume of the closed cavity enclosed by
the piston, the cylinder housing and the upper bearing housing is reduced again, the air
in the cavity is compressed, and its pressure increases. The compressed air continues to
blow to the top of the gyrorotor through the circular truncated cone hole on the upper
bearing housing, driving the rotor to rotate, and then driving the output shaft to rotate,
continuously outputting power.

3. Output Displacement Equation of Micro-Displacement Amplifying Mechanism

The micro-displacement amplifying mechanism is designed as a compound symmet-
rical three-stage amplifying structure with flexible hinges, which is composed of bridge
structure I, lever structure, and bridge structure II. The flexure hinges adopt a straight beam
structure with fillet.

The entire amplifying mechanism can achieve a more precise displacement amplifica-
tion by coordinating bridge structure I, lever structure, and bridge structure 1II, to push the
piston motion, compress the closed cavity enclosed by the piston, the cylinder housing, and
the upper bearing housing, increase the pressure of the air in the closed cavity, drive the
rotor to rotate, and then drive the output shaft connected with it to rotate, output power, as
shown in Figure 3.
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Figure 3. The micro-displacement amplifying mechanism of the non-contact piezoelectric actuator.
1—bridge structure I; 2—piezoelectric stack; 3—lever structure; 4—bridge structure II; 5—piston.

According to the pseudo-rigid body theory, each straight beam flexure hinge with a
fillet of the displacement amplifying mechanism is equivalent to a rigid hinge, its motion is
simplified to the rotation of the rigid hinge, and the rigid body connected by the flexure
hinge is equivalent to a rigid rod. Figure 3 shows that the displacement amplifying
mechanism is a symmetrical structure centered on the piezoelectric stack, and the composite
structure composed of bridge structure I, lever structure, and bridge structure Il is simplified
into two slider-crank mechanisms, respectively. That is to say, bridge structure I is simplified
as the first slider-crank mechanism, the composite structure is composed of the lever

structure, and bridge structure II is simplified as the second slider-crank mechanism, as
shown in Figure 4.
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Figure 4. Simplified model of the micro-displacement amplifying mechanism.
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It is assumed that the rotation centers of each straight beam flexure hinges with a fillet
of the displacement amplifying mechanism are O1~QOg. The distance between each rotation
center in bridge structure I, that is, the bridge structure I's rod length is I4, the rod length
between the rotation center Os and Og in the composite structure is composed of lever, and
bridge structure II, that is, the power arm length of bridge structure I driving the lever
movement, is /3. The rod length between Os and Oy, that is, the lever’s rod length, is I3,
and the rod length between O7 and Og, that is, the bridge structure II's rod length, is I, and
the bridge structure II's rod horizontal projection length is e.

When the rising saw-tooth wave voltage signal is applied to the piezoelectric stack, it
generates a micro-deformation displacement S, and the bridge structure I will produce
an angle variable & based on the initial angle 6. For the bridge structure I, a cartesian
coordinate system I is established with O, as the origin of coordinate, as shown in Figure 5a.
The motion equation of the first slider-crank mechanism can be established as follows.

Iysinf = Sy + Iy sin(6 — ) 1)
S1+1ycos6 = lgcos(6 — a)
Ly -
[N — T X
_______ - Os
] It < | g
| : AY)
o Os| | Os'
<+
A A
»"j
Os'

(b)

Figure 5. Mathematical model of the micro-displacement amplifying mechanism. (a) Bridge struc-
ture I; (b) composite structure composed of lever and bridge structure II.

By simplifying Equation (1), the ratio of the output displacement S of O; to the
micro-deformation displacement S; of piezoelectric stack can be obtained.

Sy _ Ilysin® —lysin(6 —a)
S1 lgcos(f —a) —I4cos 6

()

After the piezoelectric stack is applied with the rising saw-tooth wave voltage signal,
its micro-deformation displacement S; is several microns or ten microns. Therefore, after
the bridge structure I is driven, the angle variable « of the bridge arm is very small. By the
equivalent infinitesimal principle in higher mathematics, Equation (2) can be simplified

as follows:
51

~ tan® ®)

From the composite structure composed of lever and bridge structure II, simplified
as the second crank slider mechanism, a cartesian coordinate system II is established with
Os as the origin of coordinate, as shown in Figure 5b. Due to the output end of the bridge
structure I and the input end of the composite structure being flexibly hinged, the input
displacement of point Og is equal to the output displacement of bridge structure I, which

S»
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S5 = Iy cos

180°5,
7tlz tan

is Sp. When the rising saw-tooth wave voltage signal is applied to the piezoelectric stack,
the output displacement of bridge structure I is Sy, and the rod Os0y is pulled to rotate
relative to Os; at this time, there will be an angle change ¢;. When the rod O;0g moves
with Oy, it also rotates with Oy. Now, the angle between the rod O;'Og’ and the y-axis
direction is ¢2. The output displacement driven by the micro-displacement amplifying
mechanism pushing the piston movement moves from the initial position of S4 to the
maximum position of S3 along the y-axis of the cartesian coordinate system II. The motion
equations are established as follows:

e = lysingq +psin @)
S3 =1y cos ¢1 + I cos ¢o

By simplifying Equation (4), it can be obtained

Sz =1ljcos 1 + \/122 —e2 4+ 2ljesin ¢y — 1,2 sin? 1 (5)

When the electrical signal becomes a descending saw-tooth wave voltage signal, the
piezoelectric stack shrinks, the output displacement of bridge structure I is zero, and the
lever returns to its initial state. At this time, the output end of the micro-displacement
amplifying mechanism pulls the piston back to the initial position S4 along the y-axis of
the cartesian coordinate system II.

Now, the following equation of motion can be established:

Sy=1 4\ —e? (6)

According to the geometric relationship in Figure 5b,

tan g1 = 52 )
l5
The micro-deformation displacement generated by the piezoelectric stack is still very
small after it is amplified by the bridge structure I, so the angle change ¢1 generated by
the composite structure composed of the lever and the bridge structure II under the action
of S, is also very small. According to the equivalent infinitesimal principle in higher
mathematics, it can be concluded that

¢1 ~ tan ¢y (®)
By converting the angle change ¢; into angle system, the output displacement equation
of the micro-displacement amplifying mechanism driving the piston movement in one

period after the piezoelectric stack applied saw-tooth wave voltage signal can be established
through Equations (3) and (5)—(8).

180°S 180°S
) . Vo1 2 2 OV O] )
5 + \/lz e2 4+ 2lyesin 2l tan8 11 sin s tan 0 (11 +\/ 1" —e ) 9)

4. Result Analysis
4.1. Variation in Output Characteristics of Micro-Displacement Amplifying Mechanism
with Parameters

Table 1 shows the structural parameters of the micro-displacement amplifying mech-
anism of the non-contact piezoelectric actuator. Substituting the data in Table 1 into
Equation (9) using MATLAB mathematical software (MATLAB R2021b), driven by piezo-
electric stack input displacement, the output displacement S5 of the micro-displacement
amplifying mechanism driving the piston motion is analyzed with the bridge structure I's
initial angle 0, the lever’s rod length I, the bridge structure II's rod length [, the power arm
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length I3 of the bridge structure I driving the lever movement, and the bridge structure II's
rod horizontal projection length e. It lays a theoretical foundation for the structural design
of the micro-displacement amplifying mechanism of the non-contact piezoelectric actuator.

Table 1. Structure parameters of the micro-displacement amplifying mechanism.

I; (mm) I, (mm) I3 (mm) e (mm) 0(°)

14.07 6.57 6 5.82 10

The analysis in Figure 6 shows the following;:

(1) Under the same lever rod length /1, bridge structure II rod length I, power arm
length I3 of bridge structure I driving the lever motion, and bridge structure II's rod
horizontal projection length e, the output displacement S5 of the micro-displacement
amplifying mechanism decreases nonlinearly with the increase in the bridge structure
Is initial angle 6, while the decrease rate gradually slows down.

(2) Under the same bridge structure I's initial angle 6, the output displacement Ss of the
micro-displacement amplifying mechanism increases significantly with the increase
in the lever’s rod length I; and bridge structure II's rod horizontal projection length e.
Moreover, the output displacement S5 increases greatly with the increase in horizontal
projection length e.

(3) Under the same bridge structure I's initial angle 8, the output displacement S5 of
the micro-displacement amplifying mechanism decreases with the increase in the
bridge structure II's rod length I; and the power arm length I3 of the bridge structure
I driving the lever motion. Furthermore, with the increase in the two parameters, the
reduction in the output displacement becomes smaller.

In short, when the above structural parameters change, the bridge structure I's initial
angle, the bridge structure II's rod length, the power arm length of the bridge structure
I driving the lever motion, and the bridge structure II's rod horizontal projection length
have obvious effects. But, the lever’s rod length has little influence. Moreover, when
the composite structure composed of the lever and bridge structure II meets the design
requirements, the larger the lever’s rod length, and the bridge structure II's rod horizontal
projection length, however, the smaller the bridge structure II's rod length, and the power
arm length of the bridge structure I driving the lever motion, together with the bridge
structure I's initial angle, the larger the output displacement of the micro-displacement
amplifying mechanism.

As can be seen from the figure, the bridge structure I's initial angle 6 is between
5°~15°, and the composite structure’s size composed of the lever and bridge structure II
is selected by combining the piezoelectric stack’s size and bridge structure I's compact
structure principle. The lever’s rod length /; is 13 mm-15 mm, the bridge structure II's
rod length /5 is 6 mm~7 mm, and the power arm length I3 of the bridge structure I driving
the lever motion is 5 mm-7 mm, the bridge structure II's rod horizontal projection length
e is 5 mm-6 mm, and the output displacement of the micro-displacement amplifying
mechanism is larger.
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Figure 6. The output displacements of the micro-displacement amplifying mechanism change with
various parameters. (a) The output displacement S5 varies with § and I;; (b) the output displacement
S5 varies with 0 and I; (c) the output displacement Ss varies with 6 and I3; (d) the output displacement
S5 varies with 6 and e.
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4.2. Simulation Analysis for Output Characteristics of Micro-Displacement
Amplifying Mechanism

The parametric design of the proposed non-contact piezoelectric actuator’s micro-
displacement amplifying mechanism is carried out using PRO/E 3D design software
(PRO/E 5.0). Then, it was imported into ANSYS Workbench analysis software (ANSYS
Workbench 2021R2) to set material properties, divide grids, impose boundary constraints
and displacement constraints, and simulate calculations. The mechanism is made of
structural steel, and its material properties are shown in Table 2.

Table 2. Material properties of the micro-displacement amplifying mechanism.

Density Modulus of Bending Tensile Strength Poisson’s Ratio
(kg/m?) Elasticity (Pa) Modulus (Pa) (Pa)
7.85 x 10° 2 x 101 7.69 x 1010 4.6 x 108 03

Selecting different piezoelectric stack input displacements Sy, bridge structure I initial
angles 6, lever rod lengths /1, bridge structure II rod lengths I, power arm lengths I3 of
bridge structure I driving lever motion, and bridge structure II rod horizontal projection
lengths e, the simulation analysis results corresponding to each parameter are depicted in
Figures 7-9. The validity of the theoretical analysis is verified by comparing the theoretical,
calculated, and simulated values of the output displacement of the micro-displacement
amplifying mechanism. The results are useful for further optimization design of the
micro-displacement amplifying mechanism of the non-contact piezoelectric actuator.

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1
2024/5/417:26

v . 0.067716 Max
Output displacement 0060192

0.052668
0.045144
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1 0030096
I 0022572
0.015048
I 0007524 g 77i6%10°2
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0000 5.000 10,000 (mm) .
— — v
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o Type: Total Deformation
2024/5/4 0:33 Unit: mm

Time: 1

01128 Max 2024/5/4 17:29
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007524 B oo
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— — — —
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Figure 7. Finite element analysis of output displacement of the micro-displacement amplify-
ing mechanism with different piezoelectric stack input displacements. (a) Finite element model;
(b) S; = 0.003 mm ; (¢) S; = 0.005 mm; (d) S; = 0.007 mm.



Actuators 2024, 13, 309

13 of 32

0.000

A: Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

ime:
2024/5/4 0:33
™1 0.11286 Max

0.10032

0.08778

007524

00627

005016
= 003762

002508
I 0.01254

0 Min

011285

0.000

25500

[\ -
LR
XXX

TATATATATATAVANY X
RARRRRIR IR K AN
4.000 8.000 (mm)
—
6.000

2000

5.000 10.000 (mm)
—

7.500

()

A: Static Structural
Total Deformation

Type: Total Deformation
Unit: mm

Time: 1

2024/5/4 1855
0.13769 Max
012238
0.10709
009179
0076492
0.061194
0.045895
0030597

I 0015298
0 Min

013768

0.000 5.000 10.000 (mm)
— —
2.500 7.500

(b)

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

2024/5/418:51

0.094937 Max

- 0.084389
0.07384
0.063291
0.052743
0.042194
0.031646
0.021097
0.010549

0 Min 9.4935x102 |

0.000 5.000 10.000 (mm) .

2.50C 7.500

(d)

Figure 8. Finite element analysis of output displacement of the micro-displacement amplifying
mechanism at different bridge structure I's initial angles. (a) Finite element model; (b) 6 = 8°;
()8 = 10°(d) 6 = 12°.
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Figure 9. Finite element analysis of output displacement of the micro-displacement amplifying mecha-

nism at different parameters of composite structure composed of lever and bridge structure II. (a) Finite
element model; (b) [; = 13.07 mm; (¢) [; = 14.07 mm; (d) [; = 15.07 mm; (e) finite element model;
() I, = 6.34mm; (g) I, = 6.57 mm; (h) [, = 6.8 mm; (i) finite element model; (j) I3 = 5 mm; (k) I3 = 6 mm;
(1) I3 = 7 mm; (m) finite element model; (n) ¢ = 5.32 mm; (0) ¢ = 5.82 mm; (p) e = 6.32 mm.
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Table 3 shows the following:

As the piezoelectric stack’s input displacement increases, the theoretical and simulated
output displacements amplified by the micro-displacement amplifying mechanism
increase. The theoretical displacement magnification decreases, whereas the simulated
displacement magnification remains constant.

Compared with the simulated output displacement, the theoretical output displace-
ment of the micro-displacement amplifying mechanism is slightly larger than the
simulated displacement, and there are some errors between them. However, as the
input displacement increases, the error gradually decreases. This is because each rod
is assumed to be rigid in the theoretical calculation, and the deformation only occurs
at the flexible hinge. However, the simulation cloud diagrams show that when each
rod’s size is small, there is a slight deformation in each rod in addition to at the flexible
hinge. This results in a discrepancy between the theoretical and simulation values,
although the error is less than 10%, which still meets the practical requirements. As
the input displacement of the micro-displacement amplifying mechanism continues
to increase, the simulated value and the theoretical value will tend to be consistent.

Table 4 shows the following;:

As bridge structure I's initial angle increases, the theoretical and simulated output dis-
placements amplified by the micro-displacement amplifying mechanism are reduced.
Moreover, the displacement magnification of both of them also decreased.

Compared with the simulated output displacement, the theoretical output displace-
ment of the micro-displacement amplifying mechanism is slightly larger than the
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simulated displacement, and there are some errors between them. Furthermore, as
bridge structure I's initial angle increases, the error gradually decreases.

When bridge structure I's initial angle is small (less than 10°), although the theoretical
and simulated output displacements are large, and the displacement magnification is also
large, it can be seen from the analysis of cloud images that each rod’s deformation is large,
resulting in more invalid energy consumption, leading to a large error between the two.

Table 3. Comparison between theoretical and simulated output displacements of the micro-

displacement amplifying mechanism at different piezoelectric stack input displacements.

Input Value Theoretical Theoretical Simulated Simulation Error
(mm) Displacement (mm)  Magnification = Displacement (mm)  Magnification (%)
0.003 0.07493 24.98 0.06772 22,57 9.62
0.005 0.12356 24.71 0.11285 22.57 8.67
0.007 0.17118 24.45 0.15799 22.57 7.71

Table 4. Comparison between theoretical and simulated output displacements of the micro-

displacement amplifying mechanism at different bridge structure I's initial angles.

Initial Theoretical Theoretical Simulated Simulation Error
Angle (°) Displacement (mm)  Magnification = Displacement (mm)  Magnification (%)
8 0.15399 30.8 0.13768 27.54 10.6
10 0.12356 24.71 0.11285 22.57 8.67
12 0.10297 20.59 0.09494 18.99 7.8

@)

@)

®G)

Table 5 shows the following:

As the lever’s rod length /1 and the bridge structure II's rod horizontal projection
length ¢ increase, both the theoretical and simulated displacements amplified by the
micro-displacement amplifying mechanism increase, and the displacement magnifica-
tions also increase.

As the bridge structure II's rod length [, and the power arm length I3 of bridge
structure I drive lever motion, the theoretical and simulated displacements amplified
by the micro-displacement amplifying mechanism decrease, and the displacement
magnifications also decrease.

Compared with the simulated displacement, the theoretical displacement amplified
by the micro-displacement amplifying mechanism is slightly larger than the simulated
displacement. There is a certain error between the two, and the error is about 10%, which
meets the design requirements. The validity of the theoretical analysis method is verified.

Table 5. Comparison between theoretical and simulated output displacements of the micro-

displacement amplifying mechanism at different parameters of composite structure composed of

lever and bridge structure II.

Input Theoretical . Simulated . .
. Theoretical . Simulation Error
Parameter Value Displacement e e Displacement e o
Magnification Magnification (%)
(mm) (mm) (mm)
13.07 0.11499 23 0.10643 21.29 7.44
Iy 14.07 0.12356 24.71 0.11285 2257 8.67
15.07 0.13211 26.42 0.12015 24.03 9.05
6.34 0.14847 29.69 0.13941 27.88 6.1
I 6.57 0.12356 24.71 0.11285 2257 8.67
6.8 0.10761 21.52 0.09839 19.68 8.57
5 0.14750 29.5 0.13165 26.33 10.7
I3 6 0.12356 24.71 0.11285 2257 8.67
7 0.10631 21.26 0.09819 19.64 7.64
5.62 0.10731 21.46 0.09963 19.93 7.16
e 5.82 0.12356 24.71 0.11285 2257 8.67

6.02 0.14701 29.40 0.13433 26.87 8.63
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5. Optimal Design

Utilizing mathematical statistical methods and Minitab analysis software (Minitab 18),
the value range of structural parameters for the micro-displacement amplifying mechanism
obtained from the above research is designed through a full factorial experiment. Further-
more, significant factors influencing the output displacement of the micro-displacement
amplifying mechanism are identified and the maximum output displacement is predicted.

5.1. Fitting Mathematical Model

Considering the influencing factors on the output displacement of the micro-displacement
amplifying mechanism and their interactions, three tests were conducted at the central
point, resulting in a total of 35 (25 + 3) tests. The experimental data table for structural
optimization of the micro-displacement amplifying mechanism are presented as shown
in Table 6.

Table 6. Experimental data table for structural optimization of the micro-displacement amplify-
ing mechanism.

. Bridge II
Serial Bll;ll‘iigfll Lever Bridge II Power Arm Horizontal Disolu tpl:rtl nt
Number A Length I; Length I, Length I3 Projection placeme
ngle 6 L Ss
ength e
1 12 13 7 7 6 0.07106
2 8 13 6 7 5 0.09147
3 12 15 7 7 6 0.07994
4 8 13 6 5 5 0.12362
5 8 15 6 5 6 0.10852
6 8 15 7 7 5 0.07314
7 12 13 6 5 5 0.08530
8 12 15 6 7 6 0.11118
9 12 13 7 5 6 0.09728
10 8 13 7 5 6 0.14153
11 8 15 7 5 6 0.15940
12 10 14 6.5 6 5.5 0.09616
13 8 13 7 7 5 0.06471
14 8 15 6 7 6 0.13291
15 8 13 7 5 5 0.08936
16 8 15 6 5 5 0.13757
17 8 15 6 7 5 0.10234
18 12 15 7 5 6 0.10907
19 12 15 7 7 5 0.04964
20 10 14 6.5 6 55 0.09616
21 12 15 6 7 5 0.06976
22 8 13 6 5 6 0.12833
23 8 15 7 7 6 0.11734
24 12 13 6 5 6 0.1129
25 12 15 7 5 5 0.06884
26 8 15 7 5 5 0.10040
27 10 14 6.5 6 55 0.09616
28 12 15 6 5 6 0.09334
29 8 13 7 7 6 0.10408
30 12 13 6 7 5 0.06217
31 12 13 7 7 5 0.04391
32 12 13 6 7 6 0.08715
33 12 13 7 5 5 0.06108
34 12 15 6 5 5 0.09500
35 8 13 6 7 6 0.12722

According to the above experimental data table (See Table 6), the mathematical model
is fitted, which includes the main effects of all factors and the second-order interaction
effects among all factors. Through analysis and research, the interaction effects of the
third-order and above have little influence on the output displacement of the micro-
displacement amplifying mechanism, which can be ignored. The calculation results are
shown in Figure 10.
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Analysis of Variance

Source DF Adj SS AdjMS _ F-Value
Model 0.022257 0.001484 11.69
Linear 0.020116 0.004023 31.69
bridge | initial angle 6 0.007948 0.007948 62.61
lever rod length 11 0.000429 0.000429 3.38
bridge Il length 12 0.001770 0.001770 13.94
power arm length I3 0.003271 0.003271 25.77
bridge Il projection length e 0.006698 0.006698 52.77
2-Way Interactions 0.002141 0.000214 1.69
bridge | initial angle 8*lever rod length 11 0.000001 0.000001 0.01
bridge I initial angle 8*bridge Il length 12 0.000036 0.000036 0.28
bridge | initial angle 8*power arm length I3 0.000024 0.000024 0.19
bridge | initial angle 8*bridge Il projection length e 0.000003 0.000003 0.03
lever rod length I1*bridge Il length 12 0.000085 0.000085 0.67
lever rod length I1*power arm length I3 0.000084 0.000084 0.66
lever rod length 11*bridge Il projection length e 0.000034 0.000034 0.27
bridge Il length I2*power arm length I3 0.000471 0.000471 3.71
bridge Il length I2*bridge Il projection length e 0.001180 0.001180 9.29
power arm length 13*bridge Il projection length e 0.000223 0.000223 1.76

B v S S N = T S SN 7 ST

Error 19 0.002412 0.000127
Curvature 0.000103 0.000103 0.80
Lack-of-Fit 17 0.002309 0.000136 -

Pure Error 0.000000 0.000000

Total 34 0.024669

Source P-Value

Model 0.000
Linear 0.000

bridge | initial angle 8 0.000
lever rod length 11 0.082
bridge Il length 12 0.001
power arm length I3 0.000
bridge Il projection length e 0.000
2-Way Interactions 0.157
bridge | initial angle 8*lever rod length 11 0934
bridge | initial angle 8*bridge Il length 12 0.601
bridge | initial angle 8*power arm length I3 0.670
bridge I initial angle 8*bridge Il projection length e 0.871
lever rod length 11*bridge Il length 12 0422
lever rod length I11*power arm length I3 0427
lever rod length 11*bridge Il projection length e 0611
bridge Il length I2*power arm length I3 0.069
bridge Il length I2*bridge Il projection length e 0.007
power arm length I3*bridge Il projection length e 0.200

Error
Curvature 0.382
Lack-of-Fit *

Pure Error

Total

Model Summary

S R-sq R-sqg(ad)) R-sq(pred)
0.0112666 90.22%  82.50% 61.32%

Figure 10. Analysis of variance of output displacement of the micro-displacement amplifying
indicates that a fitting model for this experimental data is available.

mechanism. “*”

From Figure 10, it is known that the curvature p-value = 0.382 > 0.05. The model does
not display bending, so it can be determined that the test data model does not contain a
square term. The index R-sq = 90.22% and R-sq(pred) = 61.32%, which are used to measure
the fit degree between regression model and data, have a large gap between them, showing
there is still room for improvement in this model.

From Figure 11, it is known that the main factors such as bridge structure I's initial
angle (factor A), bridge structure II's rod length (factor C), power arm length of bridge
structure I driving lever motion (factor D), bridge structure II's rod horizontal projection
length (factor E), and the interaction effects of bridge structure II's rod length (factor C) *,
as well as bridge structure II’s rod horizontal projection length (factor E), have significant
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influences on the output displacement of the micro-displacement amplifying mechanism.
Additionally, the influence of other factor and the interaction between factors on the output
displacement of the micro-displacement amplifying mechanism are not significant.

Pareto Chart of the Standardized Effects

(response is output displacement S5, a. = 0.05)

Term 2.093

Percent

iy

A ‘ Factor Name

bridge I initial angle 6

lever rod length 11

bridge I length 12

power arm length 13

bridge I projection length e

moaw»>

(=}

1 2 3 4 5 6 7 8
Standardized Effect

(a)
Normal Plot of the Standardized Effects

(response is output displacement S5, o = 0.05)

99
/ Effect Type
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Figure 11. Pareto chart and normal plot of each factor effect affecting output displacement of the
micro-displacement amplifying mechanism. (a) Pareto chart of factor effects; (b) normal plot of

factor effects.

5.2. Residual Diagnosis

The residual of the above mathematical model is analyzed to further diagnose the

fitting of the model and data, and determine the correctness of the model.

@
@)
®)
4)

From Figures 12 and 13, they show the following:

In the scatter plot (bottom right) with the observation order as the horizontal axis,
each point fluctuates randomly up and down the horizontal axis.

In the scatter plot (top right) with the predicted output displacement as the horizontal
axis, there is no funnel type, and the residuals maintain equal variance.

In the normal probability graph on the upper left (or the histogram on the lower left),
the residuals basically follow a normal distribution.

There is no bending tendency in the scatter plots with each influence factor as the
horizontal axis.
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Residual Plots for output displacement S5
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Figure 12. Four-in-one diagram of residual diagnosis of output displacement of the micro-displacement

amplifying mechanism.
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Residuals Versus bridge II length 12

(response is output displacement S5)
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Figure 13. Residuals of output displacement of the micro-displacement amplifying mechanism on
each influence factor. (a) Residuals versus bridge I initial angle 6; (b) Residuals versus lever rod
length [1; (c) Residuals versus bridge structure II rod length I,; (d) Residuals versus power arm length
I3 of bridge structure I driving the lever motion; (e) Residuals versus bridge structure II rod horizontal
projection length e.
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In a word, the above mathematical model fits well with the data, which proves the
correctness of the model.

5.3. Mathematical Model Improvement

In the above analysis, the main effects such as lever’s rod length (factor B), interac-
tion effects of bridge structure I's initial angle * lever’s rod length (factor A*B), bridge
structure Is initial angle * bridge structure II’s rod length (factor A*C), bridge structure I's
initial angle * power arm length of bridge structure I driving lever motion (factor A*D),
bridge structure I's initial angle * bridge structure II's rod horizontal projection length
(factor A*E), lever’s rod length * bridge structure II's rod length (factor B*C), lever’s rod
length * power arm length of bridge structure I driving lever motion (factor B*D), lever’s
rod length * bridge structure II's rod horizontal projection length (factor B*E), bridge struc-
ture II’s rod length * power arm length of bridge structure I driving lever motion (factor
C*D), and power arm length of bridge structure I driving lever motion * bridge structure II's
rod horizontal projection length (factor D*E) have no significant influence on the output
displacement of the micro-displacement amplifying mechanism, so they are deleted. The
analysis of the factorial design of the model with the above non-relevant effects deleted is
carried out, and the calculation results are shown in Figure 14.

Analysis of Variance

Source DF Adj SS AdjMS F-Value
Model 0.018553 0.003711 60.05
Linear 0.017663 0.004416 71.46

0.008075 0.008075 130.67
0.002031 0.002031 32.86
0.003563 0.003563 57.66
0.005545 0.005545 89.73
0.000733 0.000733 11.86
0.000733 0.000733 11.86

bridge I initial angle 6
bridge Il length |2
power arm length I3
bridge Il projection length e
2-Way Interactions
bridge Il length I12*bridge Il projection length e

e N v

Error 26 0.001607 0.000062
Curvature 1 0.000092 0.000092 1.52
Lack-of-Fit 24 0.001514 0.000063 *

Pure Error 1 0.000000 0.000000

Total 31 0.020160

Source P-Value

Model 0.000
Linear 0.000

bridge I initial angle 6 0.000
bridge Il length |2 0.000
power arm length I3 0.000
bridge Il projection length e 0.000
2-Way Interactions 0.002
bridge Il length 12*bridge Il projection length e 0.002

Error
Curvature 0.228
Lack-of-Fit ’

Pure Error

Total

Model Summary

S R-sq R-sq(ad)) R-sq(pred)
0.0078611 92.03% 90.50% 87.20%

Figure 14. Analysis of variance about output displacement of the micro-displacement amplify-

1

ing mechanism after removing non-significant factors. indicates that a fitting model for this

experimental data is available.
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From Figure 14, the following is known:

(1) The p-values of the main effects and the second-order interaction are 0.000 and 0.002,
respectively, and both are less than 0.05, indicating that the deleted model is valid.

(2) R-sq(pred) after deletion = 87.20% > R-sq(pred) before deletion = 61.32%, standard
deviation S = 0.0078611 after deletion < S = 0.0112666 before deletion, so the regres-
sion effect of the model is better after the deletion of insignificant main factors and
interaction terms.

Figures 15 and 16 show that the residual graph of the deleted model has the same
variation pattern as the residual graph before deletion, and the residuals follow a normal
distribution. So, the deleted model fits well with the data, and all residual plots are
normal. This model can be used for optimization design analysis of the micro-displacement
amplifying mechanism.

Residual Plots for output displacement S5
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Figure 15. Four-in-one diagram of residual diagnosis of output displacement of the micro-
displacement amplifying mechanism after removing non-significant factors.
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Residuals Versus bridge II projection length e

(response is output displacement S5)
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Figure 16. Residuals of output displacement of the micro-displacement amplifying mechanism on
each influence factor after removing non-significant factors. (a) Residuals versus bridge I initial angle
6; (b) Residuals versus lever’s rod length I;; (¢) Residuals versus bridge structure II's rod length I;
(d) Residuals versus power arm length I3 of bridge structure I driving the lever motion; (e) Residuals
versus bridge structure II's rod horizontal projection length e.

5.4. Optimization Analysis

The significant influencing factors and the optimal settings for each factor can be
intuitively and specifically determined from the main effects plot and interaction plot that
affect the output displacement of the micro-displacement amplifying mechanism.

From Figure 17, the following is known:

(1) The regression lines of factors such as bridge structure I's initial angle, bridge structure
II’s rod length, the power arm length of bridge structure I driving lever motion, and
bridge structure II's rod horizontal projection length are steep, so the influences of
these main effects are indeed significant, while the regression line of a factor such as
lever’s rod length is relatively flat, so the influence of that main effect is not significant.

(2) In order to obtain the maximum output displacement of the micro-displacement
amplifying mechanism, the smaller the bridge structure II's rod length, the power
arm length of the bridge structure I driving the lever motion, and the bridge structure
Is initial angle, and the larger the lever’s rod length and bridge structure II's rod
horizontal projection length, the better. The correctness of the above theoretical
analysis is verified again.

From Figure 18, it is known that the effect lines of the power arm length of the bridge
structure I driving the lever motion and the bridge structure II's rod horizontal projection
length are obviously not parallel, indicating a significant interaction effect between the two.
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Figure 17. Main effects plot of output displacement of the micro-displacement amplifying mechanism.
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Figure 18. Interaction plot of output displacement of the micro-displacement amplifying mechanism.

17

represents the interaction of two factors, which is “ x”.

From Figures 19-21, it is shown that the output displacement of the micro-displacement
amplifying mechanism reaches its maximum value of 0.142 mm when the bridge structure
I's initial angle is 8°, the lever’s rod length is 15 mm, the bridge structure II's rod length is
7 mm, the power arm length of bridge structure I driving lever motion is 5 mm, and the
bridge structure II's rod horizontal projection length is 6 mm (as shown the point in the

upper right corner of Figures 19 and 20).
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Figure 19. Contour plot of output displacement of the micro-displacement amplifying mechanism.
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Figure 21. Optimization results of output displacement of the micro-displacement amplifying

mechanism. The oblique straight lines in each figure directly show the influence of the change of each

influence factor on the output displacement of the micro-displacement amplifying mechanism. The

output displacement of the micro-displacement amplifying mechanism is the maximum when the

top value of each influence factor is taken respectively.
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5.5. Optimization Result Verification

After determining the optimal size of each component in the micro-displacement
amplifying mechanism (see Table 7), the mechanism is then modeled. The output displace-
ment of the optimized micro-displacement amplifying mechanism can be obtained using
the simulation analysis method described above. The analysis result is shown in Figure 22.

Table 7. Structure parameters of the optimized micro-displacement amplifying mechanism.

1; (mm) I, (mm) I3 (mm) e (mm) 0

15 7 5 6 8

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1s
2024/7/29 21:53
. 0.1415 Max
012577
0.11005
0.09433
= 0078609
1 0062887
I 0047165
0031443 01415 .
I . 0000 4500  9.000 (mm) | .
0 Min - -

2.250 6.750

Figure 22. Output displacement of the optimized micro-displacement amplifying mechanism.

From Figure 22, it is known that the output displacement of the optimized micro-
displacement amplifying mechanism is 0.1415 mm, which is consistent with the maximum
output displacement of 0.142 mm predicted using the optimal design of the mathematical
model. So, the correctness of the optimization design analysis method is proved.

6. Experimental Test

After the prototype is manufactured and assembled, the output characteristics of the
prototype are tested through experiments, and the experimental data are compared with
the theoretical calculation and simulation results.

During the test, the saw-tooth wave signal generated by the wave generator is am-
plified by the power amplifier and applied to the piezoelectric stack. The signal voltage
ranges from 100 to 150 V, and the signal frequency is 1 Hz. This results in longitudinal
deformations of 0.003 mm, 0.004 mm, and 0.005 mm, respectively, which act on the micro-
displacement amplifying mechanism that matches with interference. Following multistage
amplification, the output end drives piston movement, and this displacement is measured
via an inductive displacement sensor for performance testing of the prototype as shown in
Figure 23. The test value of the output displacement of the micro-displacement amplifying
mechanism is compared with the theoretical value and the simulated value, as shown
in Table 8.
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Figure 23. Prototype output characteristics test of the micro-displacement amplifying mechanism.

(a) Test of output performance; (b) test prototype.

Table 8. Comparison of test data with theoretical and simulated values.

Input Value Theoretical Simulated Test Value Error (%) Error(%)
(mm) Value Value (mm) (Test and (Test and
(mm) (mm) Theory) Simulation)
0.003 0.09452 0.08491 0.0667 29.43 21.45
0.004 0.12533 0.11321 0.0942 24.84 16.79
0.005 0.15449 0.14150 0.1239 19.8 12.44

)

@)

@

@

Table 8 shows the following:

Under the same input displacement excitation, the test values of the output dis-
placement of the micro-displacement amplifying mechanism are smaller than the
theoretical and simulated values. There are errors, and the error compared with the
theoretical values is larger than that with the simulated values.

The smaller the input excitation displacement, the greater the error, and the larger the
input excitation displacement, the smaller the error. Compared with the theoretical
values, the maximum error is 29.43% and the minimum error is 19.8%, and compared
with the simulated values, the maximum error is 21.45% and the minimum error
is 12.44%.

The causes of the aforementioned errors are as follows:

Processing factors. Due to the machining accuracy errors of the contact surface
matching the piezoelectric stack, flexure hinges, and symmetrical parts in the micro-
displacement amplifying mechanism, the partial deformation of the piezoelectric
stack is canceled, and the remaining deformation amplified by the micro-displacement
amplifying mechanism is small.

Experimental factors. The installation method of the fixed micro-displacement ampli-
fying mechanism and the displacement sensor, the displacement sensor’s accuracy,
and the vibration generated by the test instrument on the workbench will all have a
certain impact on the test results of the micro-displacement amplifying mechanism,
producing small displacements.

To enhance the output displacement of the micro-displacement amplifying mecha-

nism and facilitate the movement of the transmission module, a special tooling for the
fixed displacement amplifying mechanism will be designed and processed subsequently.
Additionally, a machine tool with higher precision will be employed to process the micro-
displacement amplifying mechanism. During testing, the vibration absorbing scheme
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will be adopted for the test instrument and the fixture of the fixed micro-displacement
amplifying mechanism on the workbench. Furthermore, a displacement sensor with higher
measurement accuracy will be utilized to test the output displacement of the amplify-
ing mechanism in order to reduce external factors” influence on testing results for the
micro-displacement amplifying mechanism.

In a word, the output displacement test values of the micro-displacement amplifying

mechanism are consistent with the changes in the influence of theoretical calculations
and simulation analyses on the input displacement, thus confirming the accuracy of the
theoretical calculations and simulation analyses.

7. Conclusions

@

@)

®)

(4)

A non-contact piezoelectric actuator is proposed. The non-contact power transmission
between the stator and rotor is realized by pneumatic conveying, which has the
characteristics of fast response, low heat, long service life, compact structure, and
easy miniaturization and control, especially suitable for the field of high-speed and
small-load micro-drive. The structure of the non-contact piezoelectric actuator is
designed and its operation principle is expounded.

The parametric model of the non-contact piezoelectric actuator is established. The equa-
tion of the relationship between the output displacements of the micro-displacement
amplifying mechanism for non-contact piezoelectric actuators and the input displace-
ments of the piezoelectric stack is deduced, and the simulation analysis method of
output displacements of the micro-displacement amplifying mechanism is established.
The output characteristics of the micro-displacement amplifying mechanism for the
non-contact piezoelectric actuator and their changes along with the input displace-
ment and size parameters are studied from both theoretical and simulation aspects.
Compared with the parameter changes of bridge structure I, and the composite struc-
ture composed of lever and bridge II, the bridge structure I's initial angle has an
obvious effect on the output characteristics of the micro-displacement amplifying
mechanism in the range of 5°~15°. Under the condition that the composite structure
consisting of the lever and bridge II meets the design requirements, the lever’s rod
length is 13 mm-15 mm, the bridge structure II's rod length is 6 mm-7 mm, the power
arm length of the bridge structure I driving lever is 5 mm—7 mm, the bridge struc-
ture II's rod horizontal projection length is 5 mm—-6 mm and the output displacement
of the micro-displacement amplifying mechanism is larger. According to the optimal
design results, the bridge structure Is initial angle is 8°, the lever’s rod length is
15 mm, the bridge structure II's rod length is 7 mm, the power arm length of bridge
structure I driving lever is 5 mm, and the bridge structure II's rod horizontal projec-
tion length is 6 mm, the simulated output displacement of the micro-displacement
amplifying mechanism is the maximum, which is 0.1415 mm.

When the relevant parameters change, the theoretical output displacement of the
micro-displacement amplifying mechanism is slightly larger than the simulated dis-
placement, and the error is about 10%. It can be seen from the prototype test that
the smaller the input excitation displacement of the micro-displacement amplifying
mechanism, the larger the error, whereas the larger the input excitation displacement,
the smaller the error. When the input excitation displacement is 0.005 mm, the test
value of the output displacement of the micro-displacement amplifying mechanism is
0.1239 mm, and the error compared with the theoretical value is 19.8% and the error
compared with the simulated value is 12.44%. The error causes are analyzed and
the improvement measures are put forward. The validity of the micro-displacement
amplifying mechanism design, the accuracy of the theoretical calculation method, and
the simulation analysis approach for output characteristics have been confirmed.
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