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Abstract. The paper proposes a type of symmetrical ﬂexure hinge displacement ampliﬁcation mechanism,
which is based on the differential lever to effectively improve the displacement output stroke of the PZT and reduce
the additional displacement. In addition to describes the working principle of the differential displacement
ampliﬁcation, it establishes the semi-model of the micro-displacement ampliﬁcation mechanism according to the
symmetrical structure. The stiffness, displacement loss, and natural frequency of the ampliﬁcation mechanism are
simulated by ﬁnite element analysis (FEA). Simultaneously, build the mathematical model of ampliﬁcation ratio to
obtain the optimal driving frequency when the natural frequency is 930.58 Hz. The maximum output displacement
of the designed mechanism is 313.05 mm and the ampliﬁcation ratio is 6.50. Due to the symmetrical structure, the
output additional displacement of the whole ampliﬁcation mechanism is small.It provides a scientiﬁc basis for
further improving the positioning accuracy of the micro/nano drive control system.
Keywords: Flexure hinge / symmetrical differential lever / displacement ampliﬁcation mechanism /
ﬁnite element analysis

1 Introduction
Because of its high precision and resolution characteristics,
the micro-positioning platform is widely used in a microbial
operation, micro/nanoprocessing, MEMS assembly, optical ﬁber calibration [1–4]. Piezoelectric actuators (PZT),
with its advantages of compact size, high push force, high
resolution and frequency response, are widely used in
precision positioning. However, a major drawback of PZT
arises from the small travel stroke, which is about tens of
microns limits its applications of the larger working ranges.
So it is necessary to use a micro-displacement magniﬁcation mechanism to achieve large output displacement [5,6].
The ﬂexible mechanism is a new type of mechanical
transmission and support mechanism developed in recent
years [7], and the ﬂexure hinge is an important part of it.
Depending on the elastic deformation of the weak part can
achieve the motion transfer similar to ordinary hinge, with
no friction, no gap and high motion sensitivity characteristics [8,9]. Therefore, it is commonly used to form a variety
of transmission ampliﬁcation mechanisms. According to
different ampliﬁcation principles, the mechanism can be
divided into lever principle ampliﬁcation, Scott Russell
mechanism, etc. Among them, the lever principle ampliﬁcation mechanism not only has the advantages of simple
* e-mail: 15985818837@163.com

structure, good rigidity, and high efﬁciency but also can
maintain the linear relationship of input and output.
However, due to space limitation, that is often unable to
achieve a larger motion magniﬁcation, so the multistage
lever ampliﬁcation mechanism is often used. It is a special
multistage lever mechanism, which can obtain a larger
displacement output ratio under a relatively small
structure, and makes up for the defect of the small
ampliﬁcation.
At present, Tang et al. [10] designed a kind of
ampliﬁcation mechanism based on the principle of triangle
and lever, deduced the displacement ampliﬁcation ratio
formula of the mechanism. Yang et al. [11] analyzed the
ampliﬁcation principle of the differential ﬂexure hinge
ampliﬁcation mechanism, gave the parameter model, and
discussed the inﬂuence of load on the mechanism. Liu et al.
[12] designed the lever ampliﬁcation mechanism based on
the ﬂexure hinge, analyzed and compared the selection of
guide rod. Choi et al. [13] proposed an experimental
veriﬁcation method for the design of a high-precision
ampliﬁcation mechanism: a ﬂexure hinge and a piezoelectric actuator. The two-stage ampliﬁcation mechanism is
designed and manufactured by using the Lagrange
equation and optimization. Dong et al. [14] presented
the development and analysis of the bridge pole displacement ampliﬁer based on the hybrid ﬂexure hinge. The
kinematic static model of ﬂexibility is analyzed by the
matrix method and a dynamic model based on the
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Lagrange method. Wan JH et al. [15] studied the
ampliﬁcation ratio characteristics of the bridge type
micro-displacement ampliﬁcation mechanism.
Most of the above-mentioned ﬂexure hinge mechanisms
have relatively small ampliﬁcation displacements, mostly
about 100 mm. So the paper puts forwards a symmetrical
differential lever displacement ampliﬁcation structure and
analyzes the stiffness of the straight circular ﬂexure hinge.
Based on the principle of differential lever ampliﬁcation,
the semi-model of the mechanism is taken for analysis, the
ampliﬁcation ratio and displacement loss are obtained.
Using ANSYS, the mechanism is analyzed with ﬁnite
elements, and the maximum output displacement is
achieved by experimental veriﬁcation.

Fig. 1. Reverse drive principle.

2 Principle of differential lever ampliﬁcation
The differential lever mechanism is a type of ampliﬁcation
mechanism [16–18] composed of lever principle, which can
overlay and amplify the displacement. Differential ampliﬁcation can be divided into co-drive and reverse drive
depending on the direction of input. Figure 1 shows the
reverse drive principle. The input points are 1 and 4, input
displacement is ampliﬁed by the lever 1-2-3 and 4-5-6. At
points 6 and 7, get the displacement in the opposite
direction
x6 ¼

l4
x
l3

x7 ¼ x3 ¼

l2
x
l1

ð1Þ

ð2Þ

and the displacement difference between the two points
is


l2 l4
þ
x
ð3Þ
x67 ¼ x7  x6 ¼
l1 l3
The second-stage lever 6-7-8 further ampliﬁes the
displacement difference X67. When point 6 is a fulcrum, the
output of point 8 is equation (4). When point 7 is a fulcrum,
the output of point 8 is equation (5). So the points 6 and 7
both move at the same time, point 8 is the superposition of
two-point displacement, shows in equation (6).
0

x8 ¼

l5 þ l6
x7
l5

0

00

b¼

l5 þ l6
l2 l6
l4
 þ 
l5
l1 l5
l3

ð7Þ

By the same reasoning, under the same direction
driving in Figure 2, the ampliﬁcation ratio of differential
displacement is
b¼

l1 þ l2
l5 þ l6 l4
l6

þ 
l1
l5
l3
l5

ð8Þ

Therefore, the differential lever displacement ampliﬁcation mechanism consists of two ﬁrst-stage levers and two
second-stage levers in series, and the ﬁnal displacement
output is obtained with overlay ampliﬁcation.

3 Design of displacement ampliﬁcation
mechanism
3.1 Flexure hinge design

l6
x8 ¼ x6
l5

ð5Þ



l5 þ l6
l2 l6
l4
 þ 
x
l5
l1 l5
l3

ð6Þ

00

x8 ¼ x8 þ x8 ¼

ð4Þ

Fig. 2. The same direction drive.

That is, the ampliﬁcation ratio of differential displacement under reverse driving is

Through the analysis of ﬂexibility, accuracy and maximum
stress of ﬂexure hinge with different incision types, the
single-axis bilateral straight circular ﬂexure hinge has a
high motion accuracy [19]. Therefore, in the ampliﬁcation
mechanism, all the ﬂexure hinges adopt a straight circular
ﬂexure hinge, whose structure is shown in Figure 3. Where
R is the cutting radius, b is the width, and t is the thickness
of the ﬂexure hinge.
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Fig. 3. The single-axis and double-side straight circular ﬂexure
hinge.

Table 1. Main parameters of the ampliﬁcation mechanism.
Structure parameters (mm)
l2
l3
l1
11
16.6
6
Material parameters
Young’s modulus
211 GPa

l4
10.4

l5
12

l6
28.6

Poisson’s ratio
0.288

R
2

t
0.5

b
10

Density
7850 kg/m3

Since the ampliﬁcation mechanism is a planar mechanism (Tab. 1 is the main parameters of the ampliﬁcation
mechanism), the ﬂexure hinge is mainly subject to the
bending moment around the z-axis and axial tensile
pressure along the x-axis. Therefore, it needs to calculate
the bending stiffness and axial stiffness of the ﬂexure hinge.
Under the action of torque Mz, the bending stiffness of
straight circular ﬂexure hinge is calculated as
Km ¼
where f ¼

2b3 ð6b2 þ4bþ1Þ
2

ð2bþ1Þð4bþ1Þ

M z EbR2
¼
a
12f

4
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð2bþ1Þ
þ 12b
 arctan 4b þ 1
ð4bþ1Þ5
2

Fx
Eb
¼
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Dx 2pð2bþ1
ﬃﬃﬃﬃﬃﬃﬃﬃÞ  arctan 4b þ 1  p2
4bþ1

Fig. 5. Stress diagram of the differential lever ampliﬁcation
mechanism.

ð9Þ

(b = R/t), E is the elastic modulus, a is the deﬂection angle
of ﬂexure hinge.
Under the action of axial force Fx, the axial stiffness of
the straight circular ﬂexure hinge is
Kx ¼

Fig. 4. Design sketch of a displacement ampliﬁcation mechanism.

ð10Þ

where Dx is the displacement variation of ﬂexure hinge in
the X-direction.
3.2 Design of differential lever amplifying mechanism
The ampliﬁcation mechanism is shown in Figure 4. To
avoid the loss of transverse displacement and reduce the
longitudinal coupling error, a type of symmetrical structure
is adopted and ﬁxed by two sets of symmetrical bolts. Using
PZT to apply symmetrical load to the input end, and

produce input displacement through the contraction or
expansion on both sides. Then obtain the output
displacement of the output end by the bending deformation
of the ﬂexure hinge.
Because the structure is symmetrical, takes half of the
body for research. The composition of the semi-structure is
shown in Figure 5.
Among them, points 1 and 5 are the input end of the
mechanism, the displacement input is completed by PZT,
and point 9 is the output platform. 4-5-6 and 2-1-3
simultaneously constitute the ﬁrst-stage lever of the
ampliﬁcation mechanism, the displacement is transmitted
to the second-stage lever 7-8-9 via pushrods P1 and P2.
Through the superposition of two ﬁrst-stage lever displacements and further ampliﬁcation of second-stage lever
displacements, a larger displacement magniﬁcation can be
achieved with a large stroke. It is easily obtained that the
geometric ampliﬁcation of the mechanism is
A¼

l2
l6 l4 þ l3
l6 þ l5
 þ

l1
l5
l3
l5

ð11Þ
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according to the structural parameters in Table 1,
A = 12.84.
Considering the force characteristics of the ﬂexible
mechanism, it is assumed that all deformation of the
mechanism is caused by the deformation of the hinge.
Because the hinges are not only bent but also axially
stretched or compressed, there is a loss of displacement
output throughout the mechanism. The actual inputoutput relationship is


l1
l3
þ
yout ¼ A  yin 

 2k1 l2 2k2 ðl3 þ l4 Þ
 kp þ 2kf  yin
ð12Þ
where k1, k2 is the axial stiffness of push rods P1 and P2,
respectively, kp is the stiffness of PZT and kf is the stiffness
of the entire ﬂexible mechanism, yin is the input
displacement of the ﬂexible mechanism. Considering that
the stiffness of the PZT is not much greater than the
stiffness of the ﬂexible mechanism, the input displacement
of the ﬂexible mechanism is not equal to the elongation of
the PZT. The relationship between the two is
yin ¼

kp
 Dx
kp þ 2kf

Fig. 6. Stress analysis diagram of the mechanism.

ð13Þ

where Dx is the elongation of PZT.
The stiffness of the ﬂexible mechanism kf can be derived
from the energy principle. Speciﬁcally, the variable
situation energy (input energy) of piezoelectric ceramics
is equal to the elastic potential energy (output energy) of
the ﬂexible mechanism.
1
1X
1X
kf ðyin Þ2 ¼
kmi ui ðyin Þ2 þ
kxi di ðyin Þ2
2
2
2

ð14Þ

where the ﬁrst term at the right end of the equation is the
sum of bending deformation energy of all ﬂexure hinges, the
second term is the sum of axial deformation energy of all
ﬂexure hinges, ui is the deﬂection angle of ﬂexure hinges,
and di is the axial deformation of ﬂexure hinges. Therefore,
the ﬁnal stiffness formula of the ﬂexible mechanism is
X
X
kf ¼
kmi ui þ
kxi di
ð15Þ

Fig. 7. Total deformation diagram of the mechanism.

After certain optimization of the ﬂexure hinge
parameters, the overall dimension of the structure is
97.1 mm  98 mm  10 mm. And it is guaranteed that
when the input displacement is 50 mm, the maximum stress
of the ﬂexure hinge is not greater than the allowable stress
of the material.

4 FEA and experimental veriﬁcation
3.3 Static analysis
The cutting center of the hinge in the ﬂexible microdisplacement ampliﬁcation mechanism is the dangerous
section [20]. The maximum stress of the cutting center s
shall not exceed the allowable stress of the material [s]
during the design to meet the strength condition of the
bending stress.
s¼

M z 6K f ui
¼
 ½s 
Wz
bt2

ð16Þ

where Wz is bending section modulus of the hinge crosssection to the z-axis.

4.1 FEA
4.1.1 Static analysis
To verify the validity of the above theoretical model, it is
necessary to carry out the ﬁnite element analysis of the
differential lever displacement ampliﬁcation mechanism.
Under the premise that the model built is close to the real
model, the result of ﬁnite element calculation can be
considered as a relatively accurate result [21–23].
In ANSYS Workbench, according to the geometric
model of a displacement ampliﬁcation mechanism, Solid
Works is used for modeling. The material is 60Si2Mn, its
allowable stress is 785MPa, and its stress analysis and
deformation are shown in Figures 6 and 7.
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Table 2. Ampliﬁcation and strength under different input displacement.
Input displacement (mm)

10

20

30

40

50

Output displacement (mm)
Ampliﬁcation ratio
Max stress (MPa)

66.76
6.68
107.25

133.52
6.68
214.51

200.28
6.68
321.76

267.04
6.68
429.01

333.8
6.68
536.27

It can be seen from Figure 6 that the maximum stress
occurs at the ﬂexure hinge, and its value is 536.27MPa, which
is less than the allowable stress of the material and meets the
design requirements. At the same time, because the
mechanism is designed symmetrically driven, the stress of
the whole mechanism is symmetrically distributed, which is
beneﬁcial to the operation of the whole mechanism.
Figure 7 shows the deformation (displacement) analysis
diagram of the ampliﬁcation mechanism. In the process of
simulation, when the input displacement of PZT is 50 mm,
the output displacement of the ampliﬁcation mechanism is
333.8 mm, and the ampliﬁcation ratio is 6.68.
The maximum output displacement of the piezoelectric
actuator is 50 mm. From the ANSYS analysis (Tab. 2), as
the increase of input displacement, the output has a linear
relationship with the input (Fig. 8). The maximum stress
value of the mechanism also increases with the input
displacement, and it will reach the maximum (smax =
536.27 MPa < 785 MPa) when the input displacement is
50 mm, which meets the strength requirements.
In the case of no-load, the curves of input displacementoutput displacement and input displacement-maximum
stress are shown in Figure 8. The ampliﬁcation ratio of the
mechanism under different input is stable, and the linearity
of output displacement and maximum stress is good.
4.1.2 Modal analysis
For the ampliﬁcation mechanism, the natural frequency is
an important index to evaluate the inherent characteristics, which is of great signiﬁcance to system control and
mechanism optimization design. Since the natural frequency is an important parameter in the design of a dynamic
load structure, the modal analysis is performedby ANSYS
Workbench, as shown in Figure 9.
Table 3 shows the natural frequencies of the ﬁrst six
modes of the ampliﬁcation mechanism.
As can be seen from the sixth-order modal analysis, the
natural frequency of mode 1 and mode 2 is 203.37 and
541.11 Hz respectively. and there are some overlaps at this
time. In other modal analysis, it is found that the natural
frequency of mode 4 is 930.58 Hz, which outputs the
ampliﬁcation displacement from the output end but also is
the optimal driving frequency of the mechanism.
4.2 Experimental veriﬁcation
The experimental platform is shown in Figure 10. The
experimental device is mainly composed of inductance
micrometer (TESATRONICTT80 from TESA, Inc.), PZT
(SZBS 150/10/50vs15), and driving power(HPV series
from Jiangsu Huibo Robot Technology Co., Ltd.). During

Fig. 8. The curves of input-output displacement and input
displacement-maximum stress.

the test, the ampliﬁcation mechanism is ﬁxed on the plane’s
precise positioning platform. The input displacement is
generated by PZT, and the actual input and output
displacement of the machine is measured by a displacement
sensor.
When the input is 50 mm, compare the output
displacement and ampliﬁcation under different loads.
The results are shown in Table 4, and the relationship
between ampliﬁcation and load is shown in Figure 11. The
analysis results show that when a certain load is added at
the output end, the displacement output is correspondingly
reduced at the same time, instead of decreasing in a
multiple relationships. As the load increases, the ampliﬁcation of the mechanism becomes smaller and smaller,
which will also affect the position change of the internal
parts to touch, resulting in damage to the mechanism or no
ampliﬁcation effect. Therefore, the bearing capacity of the
mechanism needs to be considered when adding the load.
Through the combination of PZT driving power supply
and voltage driver, starts to increase the voltage by 10 until
120 V at a time, with a wait time of5s after each boot. When
the voltage value reaches 120 V, wait for the creep speed of
PZT to slow down, then depressurize, reduce the driving
voltage of 10 V each time, and the waiting time is the same
as 5 s. Repeat the experiment three times, and the results
are shown in Figure 12.
Calculating the mean value of the above experiments
and compare it with the displacement before ampliﬁcation,
and get Table 5.
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Fig. 9. The ﬁrst six mode shapes of the mechanism.

Table 3. Natural frequency simulation results.
Mode

1

2

3

4

5

6

Natural frequency (Hz)

203.37

541.11

626.48

930.58

1630.1

2033.5

Fig. 10. Experimental platform.

Table 4. Output displacement and ampliﬁcation under
different loads.
Load (N) Output
Max stress Ampliﬁcation
displacement (mm) (MPa)
ratio
10
20
50
100
150
200
250
300
350

332.833
327.187
310.256
276.155
244.506
212.086
181.217
149.579
117.951

668
663
648
641
643
646
649
651
657

6.66
6.54
6.21
5.52
4.89
4.24
3.62
2.99
2.36

Fig. 11. Relationship between load and ampliﬁcation.

Ignoring the displacement ampliﬁcation at 0 V, it can
be seen from Table 5 that the magniﬁcation is between 5.2
and 7.71 (Fig. 13), and its ampliﬁcation ratio calculated
with the mean value is A = 313.05/48.14 = 6.50.
The ampliﬁcation ratio obtained through ANSYS
simulation is 6.68, and that of the experiment is 6.50.
The experimental results are consistent with the simulation, and the theoretical magniﬁcation ratio of the system is
12.84. This is due to the deformation of the lever arm of the
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Fig. 12. Voltage and displacement diagram of the microdisplacement ampliﬁcation mechanism.
Fig. 13. Comparison of displacement output before and after
ampliﬁcation.

Table 5. Voltage and displacement comparison of PZT before and after ampliﬁcation.
Step up

Step down

Voltage Displacement after Displacement before Ampliﬁcation Displacement after Displacement before Ampliﬁcation
(V)
ampliﬁcation (mm) ampliﬁcation (mm) ratio
ampliﬁcation (mm) ampliﬁcation (mm) ratio
0
10
20
30
40
50
60
70
80
90
100
110
120

0
23.53
53.20
87.04
121.55
154.77
185.20
212.90
236.60
258.22
278.21
297.08
313.05

0
3.05
7.45
12.58
17.79
22.85
27.59
31.94
35.83
39.38
42.52
45.44
48.14

–
7.71
7.14
6.91
6.83
6.77
6.71
6.66
6.60
6.56
6.54
6.53
6.50

multi-stage lever structure, which reduces the output
displacement, while the lever arm is straight in the
theoretical calculation. Besides, the number of ﬂexure
hinge points is relatively large, and the deformation of each
ﬂexure hinge needs to consume the output force of PZT, so
they will cause ultimately loss of the whole output
displacement.

5 Conclusion
To effectively improve the displacement output stroke of
PZT and reduce the additional displacement, the paper
proposes a type of symmetrical ﬂexure hinge displacement

3.68
38.03
78.91
116.13
150.04
180.3
207.67
231.87
253.34
272.13
288.41
302.17
313.05

0.84
7.32
13.71
19.41
24.32
28.67
32.59
36.06
39.13
41.86
44.32
46.43
48.14

4.38
5.2
5.76
5.98
6.17
6.29
6.37
6.43
6.47
6.50
6.51
6.51
6.50

ampliﬁcation mechanism based on the differential lever. It
expounds the working principle of the differential displacement ampliﬁcation mechanism. According to structural
symmetry, it establishes a semi-model of the microdisplacement ampliﬁcation mechanism. Finally, the mechanism uses ANSYS software to carry out the ﬁnite element
simulation analysis, and through experiments to verify its
rationality.
By optimizing the parameters of the ﬂexure hinge, it is
guaranteed that the maximum stress is not greater than the
allowable stress of the material when the input displacement is 50 mm. From the stress analysis diagram, we can
see the maximum stress occurs at the ﬂexure hinge of the
ampliﬁcation mechanism, and the maximum stress is
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536.27 MPa < 785 MPa (allowable stress) to meet its
strength requirements. The magniﬁcation ratio of ANSYS
simulation and experiment is 6.68 and 6.50 respectively,
which is consistent. Depending on the modal analysis, the
best driving frequency occurs in the mode 4 (natural
frequency is 930.58 Hz). The experimental results show
that the maximum output displacement of the designed
differential lever displacement ampliﬁcation mechanism is
313.05 mm, and the ampliﬁcation ratio can reach 6.50. The
system adopts a type of symmetrical structure, so that the
output additional displacement of the whole mechanism is
smaller, which also provides a scientiﬁc basis for further
improving the positioning accuracy of the micro/nano
drive control system.
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