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In order to improve the key performance of the compliant actuators, it is necessary to parametrically
optimize the compliant actuators based on the compliance features of flexible hinges. A new structural parame-
ter X, the compliance ratio, which could reflect the sensitivity of the main form of the output displacement, was
proposed and analyzed in detail. A compliant lever actuator was developed, and it was optimized by making use
of the parameter A. The optimization was also validated by finite element method (FEM) simulation and exper-
iment. The simulation and experiment results both show that the magnification ratio of the compliant actuator
could be enlarged effectively based on the compliance features of flexible hinges. Finally, an actual application
of the linear positioning platform that was driven by the compliant lever actuator directly was carried out, and
the experiment data also show that the platform with the optimized actuator has different degrees of optimization
in terms of the key performance, including the resolution, the motion speed, and the working stroke. It is helpful
to develop the compliant actuators and apply it into the precision engineering.

With the development of optical communication technology,
the optical positioning platform is developing toward high
precision and a large working stroke. Meanwhile, the am-
plification of the working stroke of the optical positioning
platform will result in the accumulation of errors, which may
reduce positioning precision (Xu, 2013). The ability to real-
ize the balance between high precision and a large working
stroke is the bottleneck of the optical precise positioning in-
strument’s development. The flexible hinge is becoming the
first choice in the application of the optical precise position-
ing platform because the flexible hinge has no mechanical
friction, no gap, and high sensitivity of motion. Conversely,
the flexible hinge’s micro-displacement, which is generally
between a few micrometers to tens of micrometers (Li et
al., 2004), is always realized by making use of the slight
elastic deformation and its self-recovery features of the own
structural weakness. To satisfy the requirements of a large

working stroke, it is necessary to use the micro-displacement
amplification mechanism to amplify and transmit the micro-
displacement of the flexible hinge.

Structural compliance directly affects the overall perfor-
mance of the compliant micro-displacement amplification
mechanism. Many scholars studied structural compliance
and the amplification performance of the compliant mech-
anism using different modeling methods (Gong et al., 2013;
Zhu et al., 2020; Liu, 2013; Bi et al., 2010; Lobontiu and
Cullin, 2013; Lobontiu, 2014). These authors’ research ap-
proaches always suggest the need to fix the structure geom-
etry first, subsequently analyze the compliance, and finally
optimize the design (Wang et al., 2020; Tan et al., 2019; Qi
et al., 2018, 2019). This design method requires numerous
calculations. Actually, the amplification performance of the
compliant amplification mechanism is closely related to the
structural parameters, which could help us design the compli-
ant amplification mechanism by analyzing and selecting the
flexible hinges. Gong (2012) proposed a closed-loop design



method for the micro-displacement amplification module
based on the stiffness target. Shen et al. (2013) deduced the
magnification calculation formula for the multi-stage lever
amplification mechanism by considering the offset of the ro-
tation center of the flexible hinge. Li et al. (2011) calculated
the output displacement and the amplification gain of the
bridge micro-displacement amplification compliant mecha-
nism by the matrix method. Bolzmacher et al. (2010) stud-
ied the multi-stage lever displacement amplification mech-
anism and simulated the amplification performance of the
compliant mechanism by using finite element analysis. Ma
et al. (2006) simplified the calculation formula for the com-
pliance and displacement of the bridge-type amplification
mechanism, and the properties of the amplification gain for
the bridge-type mechanism were also discussed based on the
elastic beam theory. Xu and Li (2011) designed a new type of
bridge-type amplification mechanism and analyzed the prop-
erties of the amplification gain using the Euler—Bernoulli
beam theory. Choi et al. (2010) took advantage of piezoelec-
tric stack elements to propose a new type of bridge amplifica-
tion mechanism, which could amplify both the displacement
and mechanical forces, and the calculation methods for the
compliance and output displacement were also analyzed.
Summarizing the abovementioned studies, the compliance
models of a particular type of flexible hinge was discussed, a
particular structure of the compliant micro-displacement am-
plification mechanism was proposed, or the performance of
a specific displacement amplification mechanism was ana-
lyzed by using such methods as statics and dynamics. Al-
though much literature has studied the parameter optimiza-
tion of compliant mechanisms, the research on flexure hinges
generally focuses on the stiffness matrix, structural param-
eter sensitivity and so on, and the influence of structural
parameters on the output performance of flexure hinges is
rarely involved. On the other hand, the magnification of
the displacement amplification mechanism based on flexure
hinges directly affects the overall performance of the flexure
micro-displacement amplification mechanism. Many schol-
ars have studied the magnification performance of the flex-
ure amplification mechanism by different modeling methods,
but they basically follow the idea of “given structural param-
eters — obtained output displacement — calculated magnifi-
cation — structure optimization”. The parametric design and
calculation method of gain ratio are not given. In fact, the
displacement magnification is the decisive index to reflect
the performance of the flexible micro-displacement amplifi-
cation mechanism, and it is closely related to the size of the
flexible hinge structure of the flexible amplification mech-
anism. There is general lack of parametric analysis on the
amplification performance of compliant mechanism or para-
metric studies of the compliant mechanism. Currently, the
studies in the area of parametric analysis and design are few,
although the amplification performance and movement pre-
cision of the compliant mechanism could be determined by
structural parameters (Yu et al., 2012). Therefore, it is nec-
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Force diagram of the flexible hinges.

essary to carry out the parametric study for the compliant
micro-displacement amplification mechanism.

A new parameter, the compliance ratio A that could reflect
the sensitivity of the main form of the flexible hinge’s output
displacement, is presented and discussed in detail. The op-
timization of the compliant actuator is carried out based on
analyzing the compliance features of different types of flexi-
ble hinges. The effectiveness and correctness are validated by
applying the simulation and experiment. In the end, an actual
precision linear position platform will be taken as an exam-
ple, to prove the key performance of the compliant actuator
is much better.

As shown in Fig. 1, the flexible hinge is always driven by
the axial force Fy and the bending moment M, at the same
time such that the axial line displacement A, and the an-
gle displacement «; around the z axis are both generated,
which would affect the positioning precision and the amplifi-
cation performance of the compliant mechanism. Therefore,
it is necessary to study and discuss the sensitivity of the pri-
mary form of output displacement when the flexible hinge is
simultaneously driven by Fy and M.
The compliance ratio A could be defined as follows:

Tensile Compliance  Cp

ey

~ RotationCompliance ~ Cjp;
A reflects the sensitivity of the main form of the output dis-
placement when the flexible hinge is simultaneously driven
by F, and M. When A is larger, the sensitivity of A, as the
main form of the output displacement is higher; otherwise,
the sensitivity of «; as the main form of output displacement
is higher. In other words, when A is larger, the axial line dis-
placement A, of the flexible hinge is more easily generated,
and it is more difficult to generate the angle displacement «,
around the z axis.

The four types of commonly used flexible hinges are constant
rectangular flexible hinge (CRF), corner-filled flexible hinge
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(CFF), right circular flexible hinge (RCF), and elliptical flex-
ible hinge (EF). Assume that one end of the flexible hinge is
fixed, and the other is free. They are only driven by the ax-
ial force Fy and the bending moment M. The four types of
commonly used flexible hinges are shown in Fig. 2.

In accordance with the conclusion of the literature (Zhao
et al., 2013; Tian et al., 2010; Lu, 2015), the parameter of
the minimum cutting thickness ¢ is the most sensitive to the
effect of the output displacement. Therefore, it is necessary
to obtain the relationship between the compliance ratio A
and the minimum cutting thickness ¢ when the ¢ varies but
the notch length keeps constant. All of the structure param-
eters are as follows: L1 =5mm, L) =4mm, R =1 mm,
Ry =5mm,a =5mm, b = 3 mm, w = 8 mm, and the elastic
modulus E = 2.1 x 10! Nm~2. The numerical calculation
was programmed by MATLAB, and it is shown in Fig. 3.

The compliance ratios X of the four types of flexible hinges
above are all gradually increasing when ¢ is increasing, which
shows that the sensitivity of the A, as the main form of the
output displacement is gradually increasing, and the sensitiv-
ity of the o, as the main form of the output displacement is
gradually decreasing. In other words, when the compliance

ratio X increased, the main form of the output displacement
is gradually transforming the o, to the A.

Summarizing Fig. 3, when the ¢ is constant, the compli-
ance ratio A of CRF and CFF is much less than that of RCF
and EF. Therefore, compared to the other two types of flexi-
ble hinges, the main form of the output displacement of CRF
and CFF is the o, while RCF and EF are more likely to gen-
erate the A, as the main form. All of these findings are a
good guide for selecting and optimizing the type of flexible
hinge when designing the compliant actuator mechanism.

The structure of the compliant lever actuator is shown in
Fig. 4a, which illustrated the base body, driving foot, piezo-
electric stack, pre-tightening pad, pre-tightening ceramic
ball, and pre-tightening screw. The stator was machined by
wire electrical discharge machining (WEDM) with the mate-
rial of 45 steel. The stator was developed based on the princi-
ple of lever amplification. The two piezoelectric stacks were
arranged vertically with each other so that they could gener-
ate the displacement in the orthogonal directions when they
were excited by the power. The displacement of the piezo-
electric stacks was amplified at the driving foot by making
use of the lever mechanism and the bending deformation
mechanism of the RCF. Consequently, the mover could be
driven by the friction of the driving foot. In order to avoid the
instability and discontinuity of single driving foot, the double
driving feet were proposed, which is shown in Fig. 4b.

The pre-tightening mechanism is shown in Fig. 5. The main
function of the pre-tightening mechanism is to ensure the
sufficient pre-tightening force between the double driving
feet and the ceramic friction disk on the linear guide. The
pre-tightening mechanism adopted the elastic mechanism.
The pre-tightening spring could be compressed by the pre-
tightening adjusting column, and it could also be fixed by
the locking screw. The pre-tightening force could be trans-
mitted to the stator mechanism through the pre-tightening
block. The pre-tightening mechanism can ensure that the pre-
tightening force is sufficient while limiting its lateral swing
degree of freedom. Therefore, stability and continuity of the
double driving feet mechanism could be improved greatly.

The proposed compliant lever actuator that is shown in Fig. 4
could be simplified as the geometric model that is shown in
Fig. 6. D1 and D, are the output displacement of the two
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Diagram of pre-tightening mechanism: (1) slideway,
(2) padding block, (3) baseplate, (4) pre-tightening supporting plate,
(5) pre-tightening adjusting column, (6) locking screw (7) pre-
tightening spring, (8) pre-tightening block, and (9) stator with dou-
ble driving feet.
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piezoelectric stacks that were excited by the driving power.
The whole force analysis diagram of the compliant lever
mechanism is shown in Fig. 7.

The flexible hinge could generate angular deformation,
stretching deformation, and compression deformation during
the motion of the compliant lever mechanism, and the turn-
ing center of flexible hinges may be deviated, which could
result in affecting the magnification ratio of the compliant
lever mechanism.

The order is as follows: F; is the axial force that acted on
the flexible hinge i; M; is the torque that acted on the flexible
hinge i; A; is the axial deformation of the flexible hinge i; ¢;
is the rotation angle of the flexible hinge i.

Right circular flexure hinge

Pretightening ceramic ball
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Analysis diagram of the compliant lever mechanism.

Then, there is the relationship between the variables
above:
Aj=F;-Cp 2
ai=M;-Cy, 3
where C is the axial tensile flexibility coefficient; Cyy is the
rotation flexibility coefficient.

According to the principle of force balance from Fig. 7,
the force balance relationship is as follows:

Fi-li+M3+My=Fr- (1 =)+ Fs- I3+ M+ M. (4)

Assuming that 6 is the rotation angle of the horizontal lever,
and 6, is the rotation angle of the vertical lever,

) =0 =0 ()
a3 =01+ 6 (6)
04 = 92. (7)

In the motion of the horizontal lever mechanism, the hori-
zontal lever actually rotated around the rotating center of the
flexible hinge 1, and the following relationship can be ob-
tained from Fig. 8:

Fi=F (®)
Fy-lh + M3 = My + M>. &)

Because of that Dy is the output displacement of the piezo-
electric stack; that is to say, the input displacement of the



horizontal lever mechanism was D;. The D; was acted on
the axial direction of the flexible hinge 2, which would gen-
erate the compression deformation A»; at the same time, the
rotation center of the flexible hinge 1 was deviated as Aj.
Therefore, the actual effective input displacement y, of the
horizontal lever mechanism could be obtained as follows:

y2= D1 — As. (10)

The actual output displacement y3 of the horizontal lever
mechanism could be obtained as follows:

y3 =01 -l + Aj. (1D

The rotation angle 8; of the horizontal lever mechanism is as
follows:

_n—A1 Di—Ary—Ap y3— Ay

0
! I I I

12)

Consequently, the magnification ratio k; of the horizontal
lever mechanism is as follows:

Y3
k= D (13)
In the axial direction of the flexible hinge 2, the flexible hinge
2 will be compressed by the axial force, and the compression
amount is A,. At the same time, the rotation center of the
flexible hinge 1 is offset, and the displacement is assumed
to be Ay; then the actual effective input displacement of the
lateral flexible lever mechanism is described below.

In the motion of the vertical lever mechanism, the vertical
lever actually rotated around the rotating center of the flex-
ible hinge 3, and the following relationship can be obtained

from Fig. 9:

F3=Fy (14)
Fy-ls = M3+ My. (15)

Because of that D, is the output displacement of the piezo-
electric stack; that is to say, the input displacement of the
vertical lever mechanism was D,. The D, was acted on the
axial direction of the flexible hinge 4, which would gener-
ate the compression deformation Ag4; at the same time, the
rotation center of the flexible hinge 3 was deviated as As.
Therefore, the actual effective input displacement x4 of the
vertical lever mechanism could be obtained as follows:

x4 = Dy — Ay4. (16)

The actual output displacement Dy, of the vertical lever
mechanism could be obtained as follows:

Doyt =02 - 14 + A3. (17)

The rotation angle 6> of the vertical lever mechanism is as
follows:

92_x4—A3 _ Dy—A4—A3  Dou— A3

(18)
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Consequently, the magnification ratio k> of the vertical lever
mechanism is as follows:

Dout
ky = —. 19
2=, (19)

In summary, the magnification ratio k1 and k> could be
obtained from Eqs. (2)—(19) as follows:

2.C 2C

kl:L—i_F (20)
lil- Cy +4CF
bilzly —2011314) - C 31, —4l)-C

k2:(234 1l3l4) - Cy + (B2 1) F @1

(i3 —201113) - Cy + (6l —811) - Cp

Taking Eq. (1) into Eqgs. (2)-(21) above, the magnification
ratios k1 and k> based on the compliance ratio A are as fol-
lows:

2 4 2

j= 2 (22)
il + 4)
blsly — 211151 30, —4l))- A

k2:(234 11314) + (B2 1) 23)

(Ll —20113) + (61, — 811) - A

From Egs. (22) and (23), it is found that the magnification
ratios k1 and k» of the compliant lever mechanism are only
related to the compliance ratio A and the geometry parame-
ters of itself. Once the lever compliant mechanism structure
is determined, the different types of flexible hinges would af-
fect the magnification ratio of the compliant lever mechanism
dramatically.



Right Circular Flexure Hinge ~Constant Rectangular Flexure Hinge
(RCF) (CRF)

Optimization design of compliant mechanism based on
flexible hinge.

Geometry of the compliant actuator based on experience.

Parameter (unit: mm)  Value
I 8
%) 22
I3 7
Iy 15
t 1
L 2
w 8

According to the analysis of the compliance ratio A from
Fig. 3, it can be seen that under the same geometry parame-
ters and forces, the output rotation angle of the CRF is larger
than that of the RCF. The input displacement could be ampli-
fied mainly because of the fact that the lever rotates around
the turning center of hinge 1 and 3, respectively. Therefore,
the magnification ratio of the compliant lever mechanism
could increase dramatically by replacing the RCF instead of
the CRF at flexible hinges 1 and 3. The optimized compliant
lever mechanism is shown in Fig. 10. The geometry parame-
ters were given based on experience as shown in Table 1.

In Table 1, /1 means the distance between the displacement
input point of the horizontal lever mechanism and the cen-
ter fulcrum; /; means lever length of horizontal lever mecha-
nism; /3 means the distance between the displacement input
point of the vertical lever mechanism and the center fulcrum;
14 means lever length of vertical lever mechanism; ¢ means
the minimum cutting thickness of flexible hinges; L means
the incision length of the flexible hinge; w means the width
of the flexible hinge.

The tensile flexibility coefficient Cr and the rotational
flexibility coefficient Cjs of the RCF and the CRF could be
obtained from the literature (Bolzmacher et al., 2010; Ma et
al., 2006; Xu and Li, 2011); then the compliance ratio A could
be obtained from Eqs. (23) and (24). Therefore, the magni-
fication ratio ki and k; of the compliant lever mechanism

based on the RCF and the CRF could be calculated. Before
optimization, the magnification ratio k1 and k; of the compli-
ant lever mechanism based on the RCF was that k1 =2.866
and kp =2.094. After optimization, the magnification ra-
tio k1 and ky of the compliant lever mechanism based on
the CRF was k1 =3.099 and ky = 2.404, respectively. The
magnification ratio k1 and k, was increased by 8.18 % and
12.56 %, which proved that the optimization based on the
structure parameters of flexible hinge was feasible and ef-
fective.

The FEA software ANSYS was used to simulate and verify
the optimization. The FEA is correlated with the test (Chen et
al., 2021, 2018). The material of the compliant lever mech-
anism was chosen as steel, and the modulus of elasticity is
209 GPa, the Poisson ratio is 0.29, and the yield stress limit
is 355 MPa. The initial input displacement was as follows:
D{=0.01mm and D; =0.01 mm. The simulation results
are shown in Figs. 11 and 12.

The simulation results show that before optimization, the
magnification ratio k1 and k; of the compliant lever mech-
anism based on the RCF is k| =2.866 and k, = 2.094, re-
spectively. The errors between the simulation results and the
calculation results are 8.48 % and 3.97 %. After optimiza-
tion, the magnification ratio k; and k of the compliant lever
mechanism based on the CRF is k; = 3.099 and k, = 2.404,
respectively. The errors between the simulation results and
the calculation results are 8.43 % and 6.04 %. The magnifi-
cation ratio k1 and kj of the compliant lever mechanism was
increased by 8.13 % and 14.80 % from the FEA simulation
results.

The experimental measurement system mainly consists of a
signal excitation system, an actuator drive system, a laser
measurement system, and a PC data acquisition system. The
laser measurement system was selected by the LK-H020 of
Keyence company, and its measurement accuracy is 0.02 pm.
The experimental measurement system is shown in Fig. 13,
and the specimens of the compliant lever mechanism based
on the RCF and the CRF are shown in Fig. 14.

The origin experiment condition was set as follows: the
peak voltage was 100V, the frequency of the voltage was
100 Hz, the preload was 40 N, and the output displacement
of the piezoelectric stack was 8 um. The output displace-
ment of the horizontal lever mechanism was 22.591 um and
that of the vertical lever mechanism was 17.025 um, so the
magnification ratio k; and k, could be calculated, which was
k1 = 2.824 and ky = 2.128. While after optimization, under
the same experiment condition, the output displacement of
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Figure 11. The magnification ratio k1 and kp of the compliant lever mechanism based on the RCF. (a) Displacement diagram of kq;

(b) displacement diagram of k.
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Figure 12. The magnification ratio k1 and k, of the compliant lever mechanism based on the CRF. (a) Displacement diagram of kq;

(b) displacement diagram of k.

laser measurement
system

Figure 13. Diagram of experimental measurement system.
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Figure 14. Specimen of the compliant lever mechanism based on
the RCF and the CRF. (a) Specimen based on the RCF. (b) Speci-
men based on the CRF.
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Magnification ratio comparison.

Verification method

Item  Before optimization

After optimization = Optimization rate

(based on the RCF)  (based on the CRF)
Theoretical calculation ki 2.642 2.858 8.18 %
ko 2.014 2.267 12.56 %
FEA simulation k1 2.866 3.099 8.13%
ko 2.094 2.404 14.80 %
Experiment measurement & 2.824 3.068 8.64 %
ko 2.128 2.398 12.69 %

Key performance of the precision linear positioning platform.

Platform with non-optimized
compliant lever actuator

Platform with optimized
compliant lever actuator

Resolution (um)
Motion speed (mm s_l)
Working stroke (mm)

0.2 0.12
4.066 5.479
40.8 95.0

the horizontal and the vertical lever mechanism was 24.544
and 19.184 um, respectively. Therefore, the magnification ra-
tio k1 and k, could be obtained by calculating, and the results
was as follows: k; = 3.068 and k» = 2.398.

According with the analysis of the structure parameter A, the
magnification ratio of the compliant lever mechanism based
on the CRF was enlarged more than that of the compliant
lever mechanism based on the RCF. The theoretical calcula-
tion results, FEA simulation results, and the experiment re-
sults all proved that. Table 2 compares the three verification
methods.

The optimization ratios of the horizontal and the verti-
cal lever mechanism of the three verification methods were
8.13%-8.64 % and 12.56 %—14.80 %, respectively. It has
shown that the optimization of the compliant actuator based
on the compliance parameter ratio A is feasible and effective.

In order to validate the effectiveness of the optimization de-
sign on compliant actuator based on compliance features of
flexible hinges, it is necessary to study the experiment per-
formance. The compliant lever actuator was used to drive the
linear guide directly. The precision linear positioning plat-
form is shown in Fig. 15. The experiment system is the same
as that mentioned above. Table 3 shows the key performance
of the precision linear positioning platform that used the non-
optimized and the optimized compliant actuators.

The experiment data in Table 3 show that the performance
of the linear positioning platform with the optimized com-

pliant lever actuator is much better than that of the platform
with the non-optimized compliant lever actuator. Compared
with the non-optimized one, the optimized one has different
degrees of optimization in terms of the resolution, motion
speed, and the working stroke.

1. Based on the flexibility coefficient (Cy; and Cp) of
flexible hinges, a new parameter, the compliance ratio
A, was proposed, which reflected the sensitivity of the
main output displacement form of the flexible hinge. By
analyzing the relationship between the minimum cut-
ting thickness ¢ and the compliance ratio A, it could find
that the sensitivity of the rotational angular displace-
ment o, of CRF and CFF is higher than that of the RCF
and EF, and the sensitivity of the axial line displacement
Ay of the RCF and EF is higher than that of the CRF and
CFF.

2. A compliant lever actuator based on the flexible hinges
was established, and the displacement magnification ra-
tio of the compliant lever actuator was derived theoreti-
cally, by combining with the fact that the rotation center
of flexible hinges could deviate under the external force,
and the correctness of the theoretical guidance was also
proved.

3. The optimization of the lever actuator was carried out
based on the compliance features analysis of the com-
monly used flexible hinges. The correctness and effec-
tiveness of the optimization were both proved by the
consistency of the theoretical calculation, simulation re-
sults, and the experiment data.
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Figure 15. Precision linear positioning platform. (a) 3D model; (b) specimen.

4. The application of the precision linear positioning plat-
form shows that the optimized actuator has different
degrees of optimization in terms of the key perfor-
mance, including the resolution, the motion speed, and
the working stroke.

In the high-precision and ultra-high-precision positioning
system, the positioning accuracy caused by the magnifica-
tion ratio would have a great influence on the performance of
the positioning system. The proposed analysis method based
on the compliance features of the flexible hinge provides a
new idea for the design of compliant actuators or compliant
mechanism with different types of flexible hinges.
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