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Abstract 

With the increasing requirements of precision mechanical systems in electronic packaging, ultra-precision machining, 
biomedicine and other high-tech fields, it is necessary to study a precision two-stage amplification micro-drive sys-
tem that can safely provide high precision and a large amplification ratio. In view of the disadvantages of the current 
two-stage amplification and micro-drive system, such as poor security, low motion accuracy and limited amplification 
ratio, an optimization design of a precise symmetrical two-stage amplification micro-drive system was completed in 
this study, and its related performance was studied. Based on the guiding principle of the flexure hinge, a two-stage 
amplification micro-drive mechanism with no parasitic motion or non-motion direction force was designed. In addi-
tion, the structure optimization design of the mechanism was completed using the particle swarm optimization algo-
rithm, which increased the amplification ratio of the mechanism from 5 to 18 times. A precise symmetrical two-stage 
amplification system was designed using a piezoelectric ceramic actuator and two-stage amplification micro-drive 
mechanism as the micro-driver and actuator, respectively. The driving, strength, and motion performances of the 
system were subsequently studied. The results showed that the driving linearity of the system was high, the strength 
satisfied the design requirements, the motion amplification ratio was high and the motion accuracy was high (relative 
error was 5.31%). The research in this study can promote the optimization of micro-drive systems.

Keywords:  Particle swarm optimization, Micro-drive mechanism, Two-stage amplification, Optimization design, 
Performance of guidance
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Introduction
As biomedicine, aerospace, microelectronics and other 
high-precision technical fields have increasingly strin-
gent requirements for precision positioning and micro-
drive systems, precision and ultra-precision machining 
technologies have become an important way to realize 
the processing of precision machinery and equipment 
[1–5]. Precisely amplifying and transmitting tiny input 

displacements has become a research hotspot in the field 
of precise positioning and micro-drive system position-
ing. The flexible hinge has the advantages of no friction, 
no hysteresis, high precision, and no assembly error; the 
micro-drive mechanism [6–10] uses the flexible hinge 
guide, transmission and conversion functions to input 
deformation to provide accurate displacement. The pre-
cise amplification of the micro-drive displacement based 
on flexible hinge technology can satisfy the requirements 
of motion stroke in the current work [11–13]. However, 
the amplification ratio of the one-stage amplification 
micro-drive system is limited, and the provided ampli-
fication displacement is small. Therefore, it is of great 
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significance to research two-stage amplification of the 
micro-drive mechanism.

The parasitic motion and non-motion directional 
forces of the two-stage amplification micro-drive 
mechanism affect the precision and safety of the 
motion of the micro-drive system. Muralidhara and 
Rao [14] designed a hydraulic displacement amplifica-
tion system based on the micro drive principle of pie-
zoelectric actuators, which can accurately estimate the 
displacement behavior within the error range. Li et al. 
[15] designed an electrostatic micro-actuator with high 
frequency and chip size compatible with an endoscope 
microscope with a large vertical scanning range to help 
generate a large range of motion in such mirrors. Iqbal 
et al. [16] designed an amplification mechanism based 
on the displacement amplification mechanism of a 
micro-electro-mechanical system (MEMS), which can 
be used independently or in combination with other 
compatible mechanisms to amplify displacement. How-
ever, the two-stage amplification micro-drive struc-
tures designed in the above studies do not consider the 
guiding performance of the mechanism; and cannot 
ensure that the system has no parasitic motion or non-
motion directional forces.

At the same time, the optimization of the motion 
amplification ratio of the two-stage amplification sys-
tem can enable the system to obtain the maximum 
output displacement based on the original output dis-
placement. The mechanism designed by Iqbal et  al. 
[17] based on the displacement amplification mecha-
nism of MEMS can amplify the input displacement 6.8 
times. Fan et  al. [18] proposed a symmetrical flexure 
hinge displacement amplification mechanism based on 
the differential lever principle and established a math-
ematical model of the amplification ratio, in which 
the maximum amplification ratio of the mechanism 
was obtained as 6.50. There are few studies related to 
the optimization of the amplification ratio of the two-
stage amplification system, and the amplification ratio 
is small; therefore, research on the optimization of the 
amplification ratio of the two-stage amplification sys-
tem is of great value.

In summary, a two-stage amplifying micro-drive 
mechanism was designed using the lever and triangle 
principles in this study. The mechanism has a symmet-
rical guiding mechanism, which can eliminate parasitic 
motion and non-motion directional forces, and ensure 
the precision and safety of system motion. The mecha-
nism was optimally designed with a certain plane space 
as the constraint condition to maximize the amplifica-
tion ratio using particle swarm optimization (PSO, the 
amplification ratio can reach 18), which can achieve the 

maximum output displacement and compensate for a 
larger range of motion. A piezoelectric ceramic actuator 
(PZT) and two-stage amplifying micro-drive mechanism 
are used as micro-actuators and actuators, respectively, 
to design a precision two-stage amplifying micro-drive 
system. In addition, the driving, strength, and motion 
performances of the system were analyzed. The analy-
sis results show that the system has excellent correlation 
performance.

Methods
Design of two‑stage amplification micro‑drive system
The flexible hinge has the advantages of no friction, no 
hysteresis, high precision, and no assembly error, which 
can realize the functions of displacement guidance, 
transmission, and conversion. The main amplification 
methods of the micro-drive amplification mechanism 
based on flexible hinge design include lever amplifica-
tion, triangle amplification, compression rod instabil-
ity amplification, and special mechanism amplification 
[19–22]. Among them, the lever amplification mecha-
nism has the advantages of a simple structure, high 
amplification ratio, and easy processing, while the trian-
gular amplification has a compact structure and excel-
lent dynamic characteristics.

In this study, a two-stage amplification micro-drive 
system was designed based on the triangular prin-
ciple of the flexible hinge. Spring steel 60Si2Mn was 
selected as the mechanism material. A schematic of the 
working principle of the micro-drive system is shown 
in Fig.  1. The overall size of the micro-drive system is 
138 × 192 × 50 mm. The micro-drive mechanism was 
fixed on the worktable with 21 M6 threaded holes and 
screws, which were driven by piezoelectric ceramic 
brakes. In addition, 32 straight circular flexible hinges 
were symmetrically arranged on the micro-drive mech-
anism, which were used to eliminate parasitic motion 
and non-motion directional forces to ensure the preci-
sion and safety of system motion.

Because the micro-drive system is symmetrically 
distributed about the Y-axis, the right half is used for 
the analysis. The two-stage amplification micro-drive 
system includes a PZT, two-stage amplification micro-
drive mechanism, connecting the gasket and fixed 
sleeve, where a connecting gasket is used to adjust the 
gap between the PZT and the working surface, and a 
fixed sleeve is used to limit the position of the PZT. The 
working process of the system is as follows: The piezo-
electric ceramic brake generates an input displacement 
Yin, and the input displacement is transmitted to the 
first-level lever mechanism by flexible hinges 21 and 
22, where flexible hinge 20 is fixed. After amplification 
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by the first-level lever, the amplified output displace-
ment is transferred upward by flexible hinges 26 and 
27 along the Y-axis to the second-stage lever amplifi-
cation mechanism. At this time, flexible hinge 28 is 
fixed. After the second amplification, the displacement 
is transmitted to the output end by flexible hinges 31 
and 32. Finally, the displacement is output at the top of 
the mechanism. Among them, the 10 holes below flex-
ible hinge 28 are used to fix the mechanism, the 3 holes 
below flexible hinge 20 can provide a fixing function for 
the first-level amplifying mechanism, and the 2 holes 
between flexible hinges 15 are used to fix the mecha-
nism to ensure piezoelectricity. When the ceramic 
actuator is driven, the system only moves in the posi-
tive direction along the y-axis. The bottom two holes 
of the mechanism are used to fix the mechanism and 
provide a preload for the PZT when it works.

Calculation of amplification ratio of micro‑drive 
mechanism
Figure 2 shows a schematic of the amplification of the two-
stage amplification micro-drive mechanism. The ampli-
fication ratio of this symmetrical two-stage amplification 
micro-drive mechanism can be adjusted according to the 
actual needs, and the amplification ratio is changed by 
adjusting the length of the lever between the flexible hinges. 
The lengths of li (I = 1, 2, 3, 4) are shown in the figure.

By analyzing the force and displacement of the first-stage 
lever, the intermediate transition rod and the second-stage 
lever in the two-stage amplification micro-drive mecha-
nism, the calculation formula for the amplification ratio of 
the two-stage micro-drive amplifying mechanism can be 
expressed as:

Fig. 1  Schematic diagram of working principle of micro-drive system
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Where, KF represents axial tensile and compres-
sive stiffness of the flexure hinge; KM represents 
corner stiffness of the flexure hinge; E represents 
elastic modulus of the mechanism material; b rep-
resents width of the flexure hinge; S represents ratio 
of cutting radius to minimum thickness of the flex-
ure hinge; p1 = −6l1l4 + 12l2l4 − 3l23 + 9l3l4 ; 
p2 = 2l1l2

(
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In this two-stage amplification micro-drive mecha-
nism, l1 = 15 mm, l2 = 30 mm, l3 = 20 mm, and l4 = 
50 mm. Substituting into Eq. (1) yields λ = 5.

Guidance performance analysis of the micro‑drive 
mechanism
The parasitic motion of the micro-drive mechanism 
with two-stage amplification leads to a decline in the 
system’s motion accuracy. At the same time, the force in 
the non-moving direction causes damage to the micro-
drive and affects the safety of the system because of the 
brittle micro-drive of the system in the lateral direction. 
Therefore, eliminating parasitic motion and force in the 
non-motion direction during the movement of the mech-
anism can ensure the precision and safety of the system. 
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In this study, a symmetrical structure is used to realize 
the guiding function of the mechanism, to ensure that 
there is no parasitic motion or force in the non-motion 
direction when the system works.

The guiding function principle of the two-stage ampli-
fication micro-drive mechanism is shown in Fig.  3, The 
PZT is fixed with b1. During the movement of the two-

stage micro-drive amplifying mechanism, 8 flexible hinge 
components composed of flexible hinges 1 to 16 are 
designed. During the movement process, the X-direction 
movement displacement can be eliminated by the flex-
ible hinge deformation of the flexible hinge group, and 
will not be transmitted to b1, therefore ensuring that the 
system has no parasitic displacement in the non-motion 
direction, thereby ensuring the precision of the system 
motion process.

During the movement, the X-direction force gener-
ated by flexible hinges 1–8 and the X-direction force 
generated by flexible hinges 9–16 are the same in mag-
nitude and opposite in direction, and they cancel out 
during movement. It does not bear a lateral force or 
moment, thereby ensuring the safety of the system dur-
ing movement.

In summary, a symmetrical structure design is adopted 
in the two-stage amplifying micro-drive mechanism, and 
the guiding principle of the two-stage micro-drive ampli-
fying mechanism can eliminate the forces in the parasitic 
motion and non-motion directions, thereby ensuring the 
precision and safety of the system.

Driver performance analysis
The PZT is a miniature driving element designed using 
the inverse piezoelectric effect of piezoelectric materials. 

Fig. 2  Two-stage amplification principle diagram of micro-drive mechanism
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Under the action of voltage, the PZT can generate a dis-
placement of several micrometers to tens of microm-
eters. It can be used for micro-precision driving of the 
mechanism. Owing to its high resolution, fast response, 
small size and large output force, it has been increasingly 
used in the field of precision positioning. The nature of 
piezoelectric ceramics determines their properties.

A PZT was chosen as the micro-driver for this sys-
tem, which has shortcomings such as creep, hysteresis, 
and nonlinearity. These characteristics are related to the 
properties of piezoelectric materials, such as the elec-
trostrictive effect, piezoelectric and inverse piezoelectric 
effects, and ferroelectric effects. To investigate the driv-
ing performance of the micro-drive system designed in 
this study, according to the requirements of the system 
for component size, output force, and output displace-
ment, a PZT (P-235.1 s) was selected from Puai Nano 

Displacement Technology PI Company, Germany. The 
maximum displacement of the closed loop was 15 μm. A 
driving performance test was conduct using this PZT.

The piezoelectric ceramic nonlinear characteristic 
test is shown in Fig. 4, using the test box, PZT, micro-
rotating mechanism, test base, and inductive displace-
ment sensor (the displacement sensor was a bypass 
inductance with a resolution of 0.05 μm). The test box 
was placed on the vibration isolation table, the base was 
fixed on the test box, and the micro-drive rotary mech-
anism was fixed on the base after assembling the PZT. 
The voltage U of the PZT is controlled using the control 
system. The displacement changes of straight inductive 
sensors No. 1 and No. 2 in the y direction are δy1 and 
δy2, respectively, and the elongation of the PZT is:

The ascent and declining motion performances of the 
PZT were tested. The linear fitting of the test results is 
shown in Fig. 5.

The working voltage U of the PZT in the ascent stage 
and the elongation u of the PZT were linearly fitted to a 
linear equation as follows:

Its linearity is 0.9992.
The piezoelectric working voltage U and piezoelectric 

elongation u in the declining phase were linearly fitted 
to a linear equation as follows:

Its linearity is 0.9942.
From the test results and linear fitting results, it can be 

seen that the driving performance of the system is excel-
lent (the maximum error in the ascent and declining 
stages is only 0.02%), and the minimum linearity is 0.9942.

(4)u =
∣

∣δy1
∣

∣+ | δy2 |

(5)u = 1.4438U − 0.04669

(6)u = 1.4677U − 0.25321

Fig. 3  Guiding principle diagram of micro-drive mechanism

Fig. 4  Driving performance experiment diagram of PZT ceramic 
actuator
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Optimization of two‑stage amplification micro‑drive 
mechanism
Introduction to PSO
To obtain the maximum amplification ratio within a 
limited space, it is necessary to optimize the structure 
of the mechanism. PSOs treat each potential solution 
of the optimization problem as a bird, and the opti-
mal solution is the ‘food’ found by the particle swarm 
[23–25]. Compared with other algorithms, PSOs have 
a faster convergence speed, and all particles may con-
verge to the optimal solution more rapidly.

Assuming that an initial population of N particles is 
generated in a D-dimensional space, the position vector 
of the ith particle can be expressed as:

The velocity vector of the ith particle can be 
expressed as:

The individual optimal extremum currently searched 
by the ith particle can be expressed as:

The global optimal extremum currently being 
searched by the entire population can be expressed as 
follows:

(7)xi = (xi1, xi2, xi3, xiD), i = 1, 2, 3 · · ·N

(8)vi = (vi1, vi2, vi3, viD), i = 1, 2, 3 · · ·N

(9)pbest = (pi1, pi2, pi3, piD), i = 1, 2, 3 · · ·N

(10)gbest =
(

gi1, gi2, gi3, giD
)

After the two optimal extreme values are found, 
the particle updates its speed and position using Eqs. 
(11) and (12), and finally obtains the optimal solution 
according to the requirements.

where t is the current iteration number, ω is the inertia 
factor, rand() is a random number between (0, 1), c1 is the 
individual learning factor, c2 is the social learning factor, 
pbid is the local maximum of particle i in the d-th dimen-
sion of the optimal solution, and gbd represents the d-th 
dimension of the global optimal solution.

Structural optimization of the micro‑drive mechanism
Because the two-stage amplification micro-drive mech-
anism is symmetrical about the Y axis, the right half is 
still used for optimization analysis. As can be seen from 
Figs.  1 and 2, the completion of the two-stage ampli-
fication process is mainly completed by hinges 20, 21, 
26, 27, 28, and 32, and the amplification ratio is only 
related to the distance between the six hinges, and the 
mechanism is only on the Y-axis. There is displacement 
in the axial direction; therefore, the optimization goal is 
transformed into the X-axis coordinate value of the six 
hinges. The optimization is carried out with hinge 21 

vi(t + 1) = ωvi(t)+ c1 × rand ()×
(

pbid(t)− xi(t)
)

(11)
+c2 × rand ()×

(

gbd(t)− xi(t)
)

×
(

gbd(t)− xi(t)
)

(12)xi(t + 1) = xi(t)+ vi(t + 1)

Fig. 5  Linear fitting diagram of driving performance of PZT
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as the fixed since better optimization effect was found 
in this configuration. Therefore, the coordinate value of 
hinge 20 is set as x1 (mm), that of hinge 21 is x2 (mm), 
that of hinge 27 is x3 (mm), that of hinge 28 is x4 (mm), 
that of hinge 26 is x5 (mm), and that of hinge 32 is x6 
(mm).

The objective function for this problem is:

The constraints are:

In addition, x1, x2, x3, x4, x5, and x6 must be integer.
The particle swarm program was written using MAT-

LAB software for the optimization calculation, and the 
x-coordinates of the new hinge are obtained as:

By substituting the optimized value into Eq. (13), 
K = 18 can be obtained. Compared with the previous 
one, the amplification ratio of the two-stage ampli-
fication micro-drive mechanism was significantly 
improved. Comparing the theoretical calculation value 
after PSO with the theoretical calculation value before 
optimization, the structure optimized by PSO can 
obtain a better solution than the result before optimi-
zation under constraints. The amplification ratio of the 
amplification micro-drive mechanism is increased from 
5 to 18 times, and the theoretical movement stroke is 
3.6 times the original.

The working principle diagram of the optimized two-
stage magnifying micro-drive mechanism is shown in 
Fig.  6, which is similar to the working principle of the 
mechanism shown in Fig.  1 before optimization, uses 
the flexible hinge triangle principle and lever principle. 
When the input displacement is Yin, the two-stage ampli-
fication output displacement Yout is obtained under the 
action of flexible hinges 20, 21, 26, 27, 28, and 32. In the 
new structure, flexible hinges 21 and 28 were used as 
fixed ends, flexible hinges 20 and 27 were used as the 
input ends of the first-level amplification and two-stage 
amplification of the two-stage amplification micro-drive 
mechanism, respectively, and flexible hinges 27 and 32 
were used as the two-stage amplification. The output 
ends of the first-level amplification and two-stage ampli-
fication of the amplification micro-drive mechanism were 
used. The 8 flexible hinge components composed of flex-
ible hinges 1–16 are used to balance the additional force 
in the non-moving direction and eliminate the parasitic 

(13)

K =
Yout

Yin
= K1 × K2 =

l2

l1
×

l4

l3
=

(x3 − x2)× (x4 − x6)

(x2 − x1)× (x4 − x5)

5 ≤ x1 < x2, x1 < x2 < x3, x2 < x3 < x4, x3 < x4 ≤ 65,

x5 = x3, 20 ≤ x6 < x5, x2 − x1 ≥ 10, x4 − x5 ≥ 10

x1 = 5, x2 = 15, x3 = 55, x4 = 65, x5 = 55, x6 = 20.

motion and force in the non-moving direction. Spring 
steel 60Si2Mn was selected as the material for the micro-
drive mechanism.

Results and discussion
Analysis of strength performance
The strength performance of a system is an important 
factor affecting its safety. In this study, the finite ele-
ment method was used to analyze the strength perfor-
mance of the micro-drive system.

The two-stage amplification micro-drive mechanism 
drawn in the Solidworks software is saved using the “. 
x_t ” format, and is then imported into the finite ele-
ment statics module to generate and press the fixed 
contact surface between the model and the PZT. The 
Electroceramic actuators contact surface imprints 
with the same shape to achieve loading. Using a finite 
element static analysis, 60Si2Mn parameters were 
selected for the material properties. During mesh 
division, the entire model was first meshed freely as 
a whole, and then, semi-circular radians of 64 flex-
ure hinges from 32 flexure hinges were selected for 
refinement of the mesh cells with parameter refine-
ment to 1. A grid diagram of the partitioned mecha-
nism is presented in Fig. 7. The model was divided into 
390,140 units and 612,361 nodes. It can be seen from 
the figure that the meshing quality is excellent as the 
key parts are relatively fine and smooth without cross 
or broken meshes.

The strength analysis of the micro-drive system 
mainly analyzes whether the micro-drive mechanism 
will be damaged under the driving of the micro-actu-
ator. Therefore, it is necessary to analyze whether the 
micro-drive mechanism will be damaged under the 
maximum driving displacement of the PZT, that is, to 
analyze the maximum simulated stress of the micro-
drive mechanism. The optimized micro-drive mecha-
nism was imported into the ANSYS statics module, 
fixed constraints were imposed on the 18 bolt holes on 
the mechanism, and a negative Y-axis displacement of 
15 μm was applied to the position of the actuator in the 
mechanism. As shown in Fig.  8, the maximum simu-
lated stress of the mechanism was 193.99 MPa.

The allowable stress of the material is:

The yield limit σs of 60Si2Mn material is 1176 MPa, 
and if the safety factor λ is set to 1.5, the allow-
able stress [σ] of the material will be 784 MPa. The 
maximum simulated stress of the mechanism was 
193.99 MPa, which is much lower than that of the mate-
rial. From the static finite element analysis, it can be 

(14)[σ ] =
σs

�
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seen that the mechanism is safe and reliable in the driv-
ing process of the PZT, and its maximum stress meets 
the requirements of material check strength. There-
fore, the strength of the mechanism satisfied the design 
requirements.

Analysis of motion performance
Motion performance is the most important perfor-
mance metric of the system. In this study, the finite 
element method was used to analyze the motion per-
formance of a micro-drive system. The preliminary 
treatment of finite elements was consistent with the 
preliminary treatment of the strength performance 

analysis. By changing the displacement conditions 
applied to the surface imprint, the probe function can 
be used on the upper surface of the mechanism to 
obtain different output displacements under different 
applied displacement conditions. The input displace-
ment of the mechanism from 1 μm to 15 μm (the elon-
gation range of the PZT ceramic actuator) was taken 
as the initial conditions for the analysis. Subsequently 
the output displacement values of the system were 
separately calculated.

The input value, theoretical output value, and finite ele-
ment analysis results were linearly fitted, as shown in Fig. 9.

Fig. 6  Working principle diagram of two-stage amplification micro-drive mechanism optimized
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The linear fitting formula of the theoretical output for 
the optimized two-stage amplification micro-drive sys-
tem is as follows:

Its linearity is 1.
The linear fitting formula of the theoretical output for 

the optimized two-stage amplification micro-drive sys-
tem is as follows:

Its linearity is 1.
The motion analysis shows that the maximum out-

puts of the theoretical calculation and finite element 
simulation are 270 μm and 255.64 μm respectively. The 
theoretical amplification ratio of the system and finite 
element simulation amplification ratio were 18 and 

(15)y = 18x

(16)y = 17.043x + 0.00099

17.043, respectively, and the relative error was 5.31%. 
In ref. [17], the motion error of the micro-drive system 
was 7.89%, and the system proposed in this study had 
higher accuracy. Therefore, the system has the advan-
tages of a large motion amplification ratio and high 
motion precision.

Dynamic performance analysis
Inherent frequency is an important indicator for 
micro-drive mechanism dynamic performance evalu-
ation; the higher the natural frequency of the micro-
drive mechanism institutions the stronger the ability to 
resist vibration. Therefore, it is necessary to analyze the 
micro-drive mechanism using the modal analysis mod-
ule of the finite element simulation software. The free 
modal analysis theory was chosen in this study because 
it can theoretically represent all vibration models of the 
micro-drive mechanism.

Fig. 7  Meshing diagram of micro-drive mechanism
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Fig. 8  Stress cloud diagram of the micro-drive mechanism

Fig. 9  The linear fitting diagram of theoretical output and finite element analysis
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The preliminary treatment of finite element is con-
sistent with that of strength performance analysis. The 
“. x_t “ file of the micro-drive mechanism was imported 
into the Modal analysis module. After setting the mate-
rial and grid division, the first six order natural fre-
quencies were obtained, as shown in Fig. 10.

According to the finite element analysis the first six natu-
ral frequencies of the micro-drive mechanism are 185.39 Hz, 
457.96 Hz, 1388.5 Hz, 1515.6 Hz, 2279.7 Hz, and 2727.6 Hz 
respectively. The piezoelectric ceramic brake used in this 
study has a frequency of 300 Hz; therefore, there is no reso-
nance phenomenon, and the dynamic performance of the 
two-stage amplification micro-drive system is excellent.

Conclusions
Based on the problems of low motion accuracy, poor 
safety, and a limited amplification ratio of the current 
two-stage amplification micro-drive system, a two-
stage precision amplification micromotion system was 
designed in this study. The system has a symmetrical 
structure of flexible hinge components, and the guid-
ing function can eliminate parasitic motion and forces 
in non-motion directions to ensure the accuracy and 
safety of the system movement. Through an experi-
ment on the driving performance of the PZT ceramic 
brake, it was verified that the driving performance of 
the micro-actuator was excellent and met the design 
requirements.

The structure of the micro-drive mechanism was 
optimized based on PSO, which achieves the goal of 
obtaining the maximum amplification ratio in a limited 
space. In addition, the maximum amplification ratio was 
increased from 5 to 18 times (the range of exercise was 
increased by 240%). The finite element method was used 
to analyze the performance of the optimized two-stage 
amplifying micro-drive system. The results show that 
the strength, motion, and dynamic performances of the 

system are excellent, and the motion accuracy is high, 
which meets the design requirements.

In the future, we will consider further optimization of 
the micro-drive system from different directions and verify 
the correctness and applicability of the optimized micro-
drive system through experiments to provide a reference 
value for the research and design of micro-drive systems.
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