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Abstract: Aiming at the problem of precision driving and vibration suppression for sensitive payloads
on-orbit, this paper proposes a new compliant platform based on an embedded superstructure and
a smart material actuator. Firstly, the main structure of the platform is designed and optimized
to achieve the expected indicators via the response surface method. Then, the vibration reduction
mechanism of the platform with the embedded superstructure is studied by establishing an equivalent
model. Following that, a four-phase superstructure is matched and designed with a compact space,
and the results are verified by finite element modal analysis. Finally, both the tensioning performance
and vibration reduction performance under fixed frequency harmonic disturbance are studied via
transient dynamic simulation. Based on the obtained results, directions for future improvements
are proposed. The relevant conclusions can provide a reference for function integration of precision
tensioning and vibration suppression.

Keywords: sensitive payloads; embedded superstructure; compliant platform; optimization design; FEA

1. Introduction

With the rapid development of science and technology, the aerospace field must refine
the design requirements of high precision and high integration for sensitive payloads
on-orbit. Most sensitive loads are flexible and susceptible to micro-vibration on-orbit. Thus,
many researchers are interested in finding ways to dampen on-orbit micro-vibration while
also ensuring that sensitive payloads operate normally. Qiu [1] and other well-known
scholars conducted an in-depth analysis of the vibration characteristics of a compliant
mechanism with carefully crafted holes, which provided a new direction for the vibration
control of compliant mechanisms such as solar arrays. Feng [2] and other scholars also
studied the active vibration suppression and relative position control of large flexible an-
tennas, which provided fast and accurate position adjustment capabilities for antennas.
Song et al. [3] designed a multi-degree-of-freedom vibration isolation platform consisting
of three units: a protected object, a nonlinear energy pool, and an x-shaped structure, and
thus both effectively reduced the amplitude of resonance peaks and improved vibration
isolation performance for practical engineering applications. In order to decrease the trans-
mission of vibration and achieve the attenuation of the vibration magnitude of an isolated
object, Zhai et al. [4] designed a new type of permanent and electromagnetic composite
vibration isolation system based on the negative stiffness theory. To reduce disturbances
generated by flywheels on board spacecraft, Xu et al. [5] proposed a new viscoelastic
micro-vibration isolation and mitigation platform composed of four elements, and estab-
lished an analytical model of a coupled system. The results showed that their platform
effectively reduced micro-vibration disturbances induced by the flywheel. Song et al. [6]
proposed an active-passive integrated controller based on piezoelectric ceramics; they also
and established a feedforward feedback control system to solve the low-frequency vibration
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problem. Niu et al. [7] designed a bionic vibration isolator with a flexible structure for the
vibration suppression of sensitive loads, thereby achieving a better vibration isolation effect.
Wang et al. [8] designed a self-learning vibration absorber with negative electromagnetic
stiffness, and provided a useful framework for the vibration control of sensitive loads. How-
ever, the design size and space of these sensitive loads on-orbit are usually limited, so it is
necessary to integrate the vibration isolation and precision positioning devices for sensitive
payloads, especially considering the high precision requirements during operation.

Precision actuation systems based on smart materials have undergone substantial re-
search in response to the precision directional function required by sensitive loads on-orbit,
particularly optical loads. Clark [9], Sun [10], Yang [11], and Herpe [12] designed different
configurations of compliant platform schemes using piezoelectric and giant magnetostric-
tive materials, respectively, and all achieved excellent precision positioning and tracking
capabilities. In order to integrate vibration reduction and precision positioning functions,
Sun [13], Ciani [14], Yi [15] etc., performed excellent work on structure and control, but
there is still room for improvement in both overall scheme design and miniaturization
and integration. The embedded superstructure design, which is based on the principle
of locally resonant phonon crystal, provides a new method for the functional integration
of vibration reduction and precision positioning platform [16,17]. Jin [18], Fan [19] and
other scholars have constructed superstructure models with different configurations and
achieved the expected vibration suppression function. Throughout these studies, although
precise superstructure design can provide reliable technology for on-orbit micro-vibration
suppression, there is a relative lack of research on its functional integration with precision
actuation platforms. An integration platform may not only effectively reduce the overall
size of sensitive payloads, but it could also provide a convenient means for subsequent
on-orbit maintenance.

Therefore, this work provides a compliant actuation platform approach for typical
optical sensitive payloads in orbit by combining an embedded superstructure and smart ma-
terial actuation technology. The micro-vibration suppression mechanism of the embedded
superstructure, the design and optimization of the main structure of the platform, and the
vibration suppression performance with integration of the embedded superstructure are all
studied; subsequently, the relevant schemes and principles are verified by both theoretical
modeling and finite element numerical simulation [20]. After additional research on the
existing issues, a design improvement path for the next generation of sensitive payloads is
suggested, and the conclusions can serve as a theoretical and technological basis for several
practical on-orbit applications.

2. Design and Optimization of the Main Scheme of the Actuation Platform
2.1. Principal Scheme

The main scheme shown in Figure 1 is proposed based on the requirement for precision
tensioning of optical sensitive loads on-orbit. The scheme is based on smart material
actuation technology; in addition, it combines with a compliant mechanism design and an
embedded superstructure to realize its required function.

As the sensitive load requires simultaneous external tensioning in eight directions
around the circumference, the actuation platform is designed symmetrically, and its input is
uniformly pushed by the intelligent material actuator, typically a piezoelectric actuator. To
amplify and commutate the input displacement of the piezoelectric actuator, a Scott–Russell
compliant amplification mechanism is constructed as the core of this scheme [21]. The
upper support disc locks the upper fulcrum of the SR compliant amplification mechanism
into place, and the lower support disc is used to secure the input end of the SR mechanism.
The integral mounting base is mounted with three symmetrically arranged I-beam pillars,
and its upper end is used to secure the upper support plate. The pretension bolt both
dynamically adjusts the preload force of the piezoelectric actuator and makes contact with
the actuator via the pad. In realizing the micro-nanometer tensioning adjustment, the
precision actuation is achieved via the modified SR amplification mechanism, which drives
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the sensitive load at the end of the SR mounting point. To mount the embedded resonant
superstructure, which can be used to achieve desired fixed-frequency vibration suppression
of external disturbances in particular frequency bands and is described in Section 3, the
mounting rectangular slots have been positioned on the eight modified SR mechanisms
as well as the three pillars. The overall plan incorporates the embedded superstructure
and makes maximum use of the design space to achieve the objectives of precise actuation
adjustment and natural frequency vibration reduction.
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2.2. Optimization of Main Structure Parameters

It is crucial to enhance performance indicators, such as the output displacement and
natural frequency of the modified SR flexible amplification mechanism, because the primary
platform must accomplish a specific operating range and bandwidth. The scheme adopts a
unified parameter design for each flexible hinge and initially selects three parameters to
be optimized, as shown in Figure 2a, which also illustrates the operation mechanism as
follows: the length of the output end beam of the SR mechanism is x1, the radius of the arc
profile of the flexible hinge is x2, and the width of the input end beam is x3. In Figure 2b,
din is the input displacement, dout1 is the displacement after primary amplification, and
dout2 is the displacement after secondary amplification. The improved Scott–Russell mech-
anism is equivalent to a series of lever and Scott–Russell mechanisms. In engineering
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applications, the magnification ratio of the entire compliant tensioning platform is mainly
determined by the motion characteristics of Scott–Russell mechanisms via the velocity
projection theorem. The total platform amplification ratio can be simply estimated as
the product of the Scott–Russell mechanism and the lever mechanism amplification ratio:
(l3/l4)× (l2/l1) = l3l2/l4l1.
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Overall, the three factors x1, x2, x3 have little impact on the platform’s basic structure;
since they are not dependent on one another, a sensitivity analysis can be carried out.
The starting value of the selected optimal size is defined by the size that, at the time of
preliminary design, can achieve the performance of the entire flexible tensioning platform.
As a result, the selected size range of the platform is mainly determined by the actual
operation of the flexible tensioning platform. As can be observed from previous studies, the
first-order natural frequency Yp and amplification ratio Yt of the flexible tension platform
are chosen as the results of sensitivity analysis so that the larger motion output range
and higher working frequency band are fulfilled. ANSYS software was used to generate
16 sets of orthogonal experimental parameters, followed by sensitivity analyses to obtain
analysis results under different combinations; the specific values are shown in Table 1.
Figure 3 shows the histogram of the effects of these three structural parameters on both the
amplification ratio and the intrinsic frequency of the platform. It is evident that x3 has a
smaller effect on the overall platform performance compared to x1 and x2. In addition, x1
shows a positive correlation with the deformation of the platform and a negative correlation
with the frequency of the platform, while x2 has the opposite effect.

Table 1. Results of platform sensitivity analysis.

Serial Number x1/mm x2/mm x3/mm Yt/mm Yp/Hz

1 75.78 0.700931 4.080975 0.033334 294.9327
2 70 0.75 4 0.029667 301.51
3 76.14604 0.776976 4.333236 0.031466 371.4842
4 71.55851 0.796421 4.175428 0.029454 303.9678
5 66.78863 0.711865 4.358513 0.029252 299.9477
6 72.04422 0.76038 4.321502 0.030315 361.7926
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Table 1. Cont.

Serial Number x1/mm x2/mm x3/mm Yt/mm Yp/Hz

7 75.42766 0.712418 4.225901 0.032516 297.1097
8 73.88042 0.728615 4.121734 0.03181 298.5136
9 66.0245 0.789504 4.294115 0.027685 374.7236

10 76.78263 0.811695 4.146414 0.030889 302.6956
11 69.05379 0.791876 4.203257 0.02856 303.5848
12 70.41992 0.777609 4.398086 0.029325 363.1416
13 66.96664 0.700444 4.055081 0.029682 299.0751
14 65.94436 0.791094 4.278291 0.027621 374.4772
15 73.36935 0.716163 4.399461 0.031607 298.5916
16 70.58632 0.756065 4.155923 0.030033 380.6868
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Given that the derivation of the theoretical model based on the principal structure
is relatively complicated, the mapping model construction of the output performance,
inherent frequency, and the three response surface method parameters [22] are adopted for
optimizing the main structure with regard to multiple engineering objectives. After the
orthogonal experiment, the regress function from MATLAB is used to fit the simulation
results, and the mapping model of amplification ratio Yt and first-order natural frequency
Yp with the three parameters is obtained [23]:

Yt(x1, x2, x3) = −0.0329 + 0.0012x1 − 0.0649x2 + 0.0192x3 − 0.0004x1x2
−0.0001x1x3 + 0.0177x2x3 + 0.0033x2

2 − 0.0028x2
3

(1)

YP(x1, x2, x3) = 509.3485− 2.771x1 − 198.8364x2 − 95.4605x3 + 0.9548x1x2+
0.5359x1x3 − 20.7123x2x3 − 0.0036x2

1 − 76.7458x2
2 + 8.8489x2

3
(2)

Based on the above model, fitted response surfaces to deformation and intrinsic
frequency are obtained as shown in Figures 4 and 5, respectively. The x1 and x2 parameters
have a significant influence on the platform performance. The larger the x1 and the smaller
the x2, the larger the amplification ratio of the tensioning platform. The smaller the x1 and
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the larger the x2, the greater the natural frequency of the tensioning platform. It is evident
that the theoretical model fits well and better reflects the mapping relationship between
relevant parameters and platform performance indicators.

Actuators 2023, 12, x FOR PEER REVIEW  6  of  19 
 

 

 1 2 3 1 2 3 1 2

2 2
1 3 2 3 2 3

, , 0.0329 0.0012 0.0649 0.0192 0.0004

0.0001 0.0177 0.0033 0.0028

tY x x x x x x x x

x x x x x x

     

   
  (1)

 1 2 3 1 2 3 1 2

2 2 2
1 3 2 3 1 2 3

, , 509.3485 2.771 198.8364 95.4605 0.9548

0.5359 20.7123 0.0036 76.7458 8.8489

PY x x x x x x x x

x x x x x x x

     

   
  (2)

Based on the above model, fitted response surfaces to deformation and intrinsic fre-

quency are obtained as shown in Figure 4 and Figure 5, respectively. The x1 and x2 param-

eters have a significant influence on the platform performance. The larger the x1 and the 

smaller the x2, the larger the amplification ratio of the tensioning platform. The smaller 

the x1 and the larger the x2, the greater the natural frequency of the tensioning platform. It 

is evident that the theoretical model fits well and better reflects the mapping relationship 

between relevant parameters and platform performance indicators. 

 

Figure 4. The deformation fitted response surface. 

 

Figure 5. The frequency fitted response surface. 

The following multi-objective optimization approach is proposed to balance the am-

plification ratio and natural frequency to obtain optimal performance characteristics. In 

addition, the constraints on the size parameters take  into account the  limitations of the 

actual processing of the flexible platform as well as the requirements of the overall enve-

lope size. 

Figure 4. The deformation fitted response surface.

Actuators 2023, 12, x FOR PEER REVIEW  6  of  19 
 

 

 1 2 3 1 2 3 1 2

2 2
1 3 2 3 2 3

, , 0.0329 0.0012 0.0649 0.0192 0.0004

0.0001 0.0177 0.0033 0.0028

tY x x x x x x x x

x x x x x x

     

   
  (1)

 1 2 3 1 2 3 1 2

2 2 2
1 3 2 3 1 2 3

, , 509.3485 2.771 198.8364 95.4605 0.9548

0.5359 20.7123 0.0036 76.7458 8.8489

PY x x x x x x x x

x x x x x x x

     

   
  (2)

Based on the above model, fitted response surfaces to deformation and intrinsic fre-

quency are obtained as shown in Figure 4 and Figure 5, respectively. The x1 and x2 param-

eters have a significant influence on the platform performance. The larger the x1 and the 

smaller the x2, the larger the amplification ratio of the tensioning platform. The smaller 

the x1 and the larger the x2, the greater the natural frequency of the tensioning platform. It 

is evident that the theoretical model fits well and better reflects the mapping relationship 

between relevant parameters and platform performance indicators. 

 

Figure 4. The deformation fitted response surface. 

 

Figure 5. The frequency fitted response surface. 

The following multi-objective optimization approach is proposed to balance the am-

plification ratio and natural frequency to obtain optimal performance characteristics. In 

addition, the constraints on the size parameters take  into account the  limitations of the 

actual processing of the flexible platform as well as the requirements of the overall enve-

lope size. 

Figure 5. The frequency fitted response surface.

The following multi-objective optimization approach is proposed to balance the am-
plification ratio and natural frequency to obtain optimal performance characteristics. In ad-
dition, the constraints on the size parameters take into account the limitations of the actual
processing of the flexible platform as well as the requirements of the overall envelope size.

Minimize
(

T = 1
aYt+bYp

)

s.t


65 < x1 < 77

0.7 < x2 < 0.825
4 < x3 < 4.5


(3)

where a and b are weighted correction factors, respectively, which sum to 1. Then, using
the fmincon function [24] the optimization results are corrected and rounded, and the key
structural parameters are x1 = 75, x2 = 0.8, and x3 = 4.5, respectively. The amplification ratio
of the scheme is close to 3.4. The first-order solid frequency reached 365 Hz, compared with
the finite element simulation results (as shown in Figures 6 and 7), and basically remained
the same. This demonstrates the effectiveness of the optimization method; therefore,
the presented scheme provides a basis for avoiding external disturbances in critical low-
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and medium-frequency bands. Subsequently, as shown in Figure 8, the prototype is
manufactured and assembled according to the above optimization results.
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3. Vibration Suppression Mechanism of the Embedded Superstructure
3.1. Equivalent Dynamic Modeling

There are four major sources of vibration interference in the low-frequency region,
which typically exhibits the harmonic disturbance type of interference, given that the
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target sensitive load is running on-orbit. Therefore, in this paper, an embedded four-phase
superstructure scheme, as shown in Figure 9, is proposed for these four typical low-
frequency operation disturbances.
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The equivalent vibration suppression model of the proposed scheme is simplified
in accordance with the principle of local resonance; this allows further investigation of
the impact of important structural characteristics of superstructure cells on the vibration
suppression effect [25]. The equivalent model is shown in Figure 10. The main structure is
subjected to an external harmonic perturbation F(t) to produce a response x0, where m0,
k0, and c0 represent the mass, stiffness, and damping of the main structure, respectively.
xi (I = 1, . . . , 4), mi (I = 1, . . . , 4), ki (I = 1, . . . , 4), and ci (I = 1, . . . , 4) represent the displace-
ment, mass, stiffness, and damping of each phase of the superstructure, respectively.
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The dynamic equations of the system are established using the Newton–Euler method as:

M
..
x + C

.
x + Kx = F(t) (4)

where x = {x0, x1, x2, x3, x4}T ; M = diag{m0, m1, m2, m3, m4};

C =



4
∑

i=0
ci −c1 −c2 −c3 −c4

−c1 c1 0 0 0
−c2 0 c2 0 0
−c3 0 0 c3 0
−c4 0 0 0 c4

 (5)
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K =



4
∑

i=0
ki −k1 −k2 −k3 −k4

−k1 k1 0 0 0
−k2 0 k2 0 0
−k3 0 0 k3 0
−k4 0 0 0 k4

 (6)

Performing the Lasse transform on the above equation shows that the frequency
response function transfer matrix of the overall system is:

H(ω) =


−ω2m0 + jω

4
∑

i=0
ci +

4
∑

i=0
ki −jωc1 − k1 · · · −jωc4 − k4

−jωc1 − k1 −ω2m1 + jωc1 + k1 · · · 0
...

...
. . .

...

−jωc4 − k4 0 0 −ω2m4 + jωc4 + k4


(7)

The first term of this matrix is chosen as the primary system’s frequency response
function in order to study how the four-phase superstructure affects the vibration transfer
characteristics of the main system:

HM(ω) =
1

k0

[
1 + 2ζ0λj− λ2 − λ2

4
∑

i=1

µi(1+2ζiaiλj)
1+2ζiaiλj−a2

i λ2

] (8)

where the relevant parameters are set to:

ωn =
√

k0
m0

, ζ0 = c0
2m0ω0

, λ = ω
ω0

;

µi =
mi
m0

, ωi =
√

ki
mi

, ζi =
ci

2miωi
, ai =

ω0
ωi
(i = 1, 2, 3, 4)

The amplitude-frequency response of the main structure is mainly affected by the
mass ratio µi, damping ratio ζi and natural frequency ωi of the superstructure element.

3.2. Vibration Suppression Mechanism

In MATLAB, the controlled variable approach is used to study the influence of the
major parameters of the superstructure on the vibration characteristics of the main system.

m0 +
4
∑

i=1
mi = m Order, mS =

4
∑

i=1
mi and µ = mS/m0, where ms is the superstructure’s

overall mass. With other parameters unchanged, different mass ratios are selected to assess
the influence of different mass ratios on vibration characteristics of the main system. The
results are shown in Figure 11.

Studying the above trend shows that µ = 0 indicates the main system response in the
absence of superstructure. Compared with the main system without superstructure, when
µ = 0.05 the formant of the main system is greatly attenuated, the vibration is suppressed,
and a new resonance peak is formed on the left side. As the mass ratio increases, the
weakening amplitude of the main system increases, which demonstrates that while the
vibration suppression ability is enhanced, the amplitude at the new natural frequency
becomes gradually larger. Therefore, when designing the superstructure, the mass ratio of
the superstructure should be considered comprehensively in order to balance its vibration
suppression ability.
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Figure 11. The frequency response with different mass ratio of superstructure.

Then, the influence of the superstructure and the natural frequency ratio of the main
system on the vibration characteristics is explored. The simulation results shown in
Figure 12 are obtained. ϕ represents the ratio of the natural frequency of each unit of
the superstructure to the natural frequency of the main structure. When the intrinsic
frequency ratio is between 0 and 1, the resonance peak amplitude of the main structure
decays as the frequency ratio increases, but the amplitude corresponding to the new natural
frequency gradually increases. When the frequency ratio is greater than 1, the main struc-
ture’s formant attenuation remains largely unchanged with the increase in the frequency
ratio, but the new fixed frequency’s amplitude increases on the left side while that on the
right side gradually decreases. This demonstrates that, when the fixed frequency of the
superstructure unit and the main structure are the same, the main structure’s ability to
dampen vibrations depends on how much vibration interference energy it can absorb from
the environment.
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main structure.

Finally, the effect of the relative damping coefficient of the superstructure on the
vibration transmission characteristics of the main structure is studied; the simulation
results are shown in Figure 13. The primary structure’s attenuation amplitude increases as
the relative damping ratio decreases, while additional natural frequencies start to emerge
on the left and right sides of the original natural frequency. With the increase of the relative
damping ratio, the attenuation amplitude of the resonance peak of the main structure
decreases, indicating that the appropriate damping ratio is crucial to the main structure
damping, and that the appropriate damping ratio should be selected according to different
material properties in the future so as to enhance the vibration suppression effect. Therefore,
based on the above conclusions, four-phase superstructure schemes with different natural
frequencies of 35 Hz, 45 Hz, 55 Hz and 65 Hz are designed for typical low-frequency
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harmonic disturbances. The prototype can be 3D printed at a later stage to fabricate the
external frame using TPU material [26] and the matching lead block injected by inlay to
achieve the local resonance function. Considering the symmetry of the overall scheme,
after embedding the superstructure a modal analysis of the single branch is carried out in
order to reduce the simulation calculations. The first four orders of mode shape are shown
in Figure 14. The findings demonstrate that the first four orders of inherent frequencies,
34.6 Hz, 44.4 Hz, 57.1 Hz, and 65.7 Hz, respectively, correspond to the local resonance of
each phase of the four-phase superstructure and are essentially consistent with expectations.
As a result, the simulation offers the foundation for vibration suppression.

Actuators 2023, 12, x FOR PEER REVIEW  12  of  19 
 

 

 

Figure 13. The frequency response with different damping ratios of superstructure to main struc-

ture. 

  

  

Figure 14. The mode shapes of the single system. 

   

Figure 13. The frequency response with different damping ratios of superstructure to main structure.

Actuators 2023, 12, x FOR PEER REVIEW  12  of  19 
 

 

 

Figure 13. The frequency response with different damping ratios of superstructure to main struc-

ture. 

  

  

Figure 14. The mode shapes of the single system. 

   

Figure 14. The mode shapes of the single system.



Actuators 2023, 12, 279 12 of 17

4. Numerical Research and Result Analysis

This section will use the finite element method to simulate the tensioning function of
the platform and the vibration suppression effect on the common harmonic disturbance in
accordance with the desired function of the compliant platform [27].

4.1. Static Performance

After integrating the superstructure, the different output displacement excitation of
the smart material actuator is simulated and applied to the lower support disc’s bottom
surface in order to evaluate the overall platform’s static performance. Static analysis is then
used to determine the platform’s input-output response results. The results are shown in
Figure 15. The simulation amplification ratio is 3.2, slightly smaller than the theoretical
value. The reason may be that the transverse deformation of the flexure hinges causes a
reduction in output displacement.
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4.2. Dynamic Tensioning Performance

The lower support disc’s bottom surface is exposed to sinusoidal displacement signals
of varying amplitudes at a maximum operating frequency of 10 Hz in order to simulate
the output displacement excitation of the piezoelectric actuator. This allows for evaluation
of the tensioning output performance of the platform under certain input displacements
by transient dynamics simulation [28]. During the simulation, the input displacement
amplitude was set to several segments between 10 µm and 100 µm. The simulation time is
set to 0.5 s, and the dynamic simulation results are shown in Figure 16.

Analyzing the above results, under the maximum operating frequency of 10 Hz and
different amplitudes of excitation, the output displacement of the platform reaches 31 µm,
92 µm, 148 µm, 310 µm, respectively, and the output response amplitudes essentially
conform to the 3 times amplification ratio. Meanwhile, from the simulation time domain
curve it is evident that there is transient oscillation when the platform is initially excited;
however, due to the existence of structural damping, within one cycle the oscillation
gradually disappears and the platform reaches steady state. Meanwhile, the output matches
the input sinusoidal signal well, which demonstrates that the platform can achieve the
expected tension adjustment function.

4.3. Harmonic Response Tests of the Overall Platform

Harmonic disturbances with an amplitude of 10 m and a frequency ranging from 0
to 200 Hz are applied to the mounting base in order to examine the vibration suppression
capabilities of the platforms with and without an embedded superstructure in the entire
interference band. Then, harmonic response simulations are carried out; the vibration
response curves are drawn in Figure 17. When compared with the platform without
superstructure, it is obvious that the vibration suppression band gap is generated around
the corresponding natural frequencies of the superstructure. When the external vibration is
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excited to the mounting base, the local resonance of the superstructure is generated. The
vibration energy near the corresponding frequency is absorbed by the superstructure in
the form of resonance, thus achieving the shielding and suppression of the corresponding
vibration. The vibration with the corresponding frequency cannot pass through the band
gap; in other words, the corresponding vibration has no impact on the main structure of
the platform. Furthermore, according to the extracted displacement nephogram and stress
nephogram of harmonic response shown in Figure 18, it is clear that external vibration
causes local resonance of the embedded superstructure and results in obvious deformation,
which conforms to the vibration reduction mechanism of the embedded superstructure.
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4.4. Vibration Suppression Tests under Fixed Frequencies Disturbance

A typical interference source is applied to the bottom of the mounting base in order to
conduct a comparison study with or without the embedded superstructure to analyze the
platform’s performance in terms of vibration suppression under the desired fixed frequency.
Since the main purpose of the designed four-phase superstructure is to achieve vibration
suppression from external harmonic disturbances at the fixed operating frequency, the
typical interference source can be set to

y = A1 sin(2π f1t) + A2 sin(2π f2t) + A3 sin(2π f3t) + A4 sin(2π f4t) (9)

where fi (i = 1, . . . , 4) is the corresponding resonant frequency of each phase of the su-
perstructure, which can be determined via the previously mentioned modal simulation
results. Ai (i = 1, . . . , 4) is the equivalent vibration amplitude, respectively, and can be set
to 0.1 mm, 0.05 mm, 0.01 mm and 0.005 mm. After transient dynamic analysis [29], the
simulation results in the time and frequency domains are processed using MATLAB, as
plotted in Figure 19.

From Figure 19a,b, it is evident that the platform has a significant vibration suppres-
sion effect on the harmonic disturbances with frequencies of f 1 and f 3, and the amplitude
is significantly reduced. Similarly, from Figure 19c,d, it is evident that the platform has
a significant vibration suppression effect on the harmonic disturbances with frequencies
of f 1 and f 4, and the amplitude is significantly reduced. Finally, from Figure 19g,h, it is
evident that the platform also shows a significant vibration suppression effect for har-
monic disturbances with frequencies of f 1, f 2, f 3 and f 4. The frequency domain results in
Figure 19h show that four resonance peaks corresponding to the four excitation frequencies
appear, and the amplitudes of these resonance peaks are obviously weakened, which
demonstrates that the designed four-phase superstructure suppresses the vibration with
desired frequency through local resonance function. The vibration suppression effects
are further collated and listed in Table 2. It is evident that the vibration corresponding to
the inherent frequency of each phase is suppressed to a certain extent, that the maximum
vibration suppression effect appears at the first phase, and that the vibration suppression
effect reaches −1.705 dB. Overall, although the designed superstructure achieves a certain
vibration suppression capability, the suppression effect is limited. Because each branch of
the planned superstructure does not form an array, only one single cell is used to perform
vibration suppression, which has a restricted impact. Combined with the vibration sup-
pression mechanism, future research should focus on the design of multiple embedded
arrays in each branch, so as to improve the vibration suppression performance of the
overall platform.
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Table 2. The vibration suppression effects.

Frequency/Hz Vibration Amplitude
without Superstructure/µm

Vibration Amplitude
with Superstructure/µm Attenuation/dB

34.6 331 272 −1.705
44.4 173 145 −1.533
57.1 40 35 −1.15
65.7 20 17 −1.41

5. Conclusions

In this study, a compliant operating platform based on an embedded superstructure
and piezoelectric actuators is proposed for dealing with ultra-precision tensioning driving
and vibration suppression for on-orbit sensitive loads. The main structure of the scheme is
optimized based on the response surface method. Based on the local resonance mechanism,
a four-phase superstructure scheme is suggested for disturbances with natural frequencies.
An equivalent vibration suppression model is established, and the evolution law between
these key parameters and the vibration suppression performance is studied. Finally, the
tensioning output performance and the vibration suppression performance of the platform
under fixed frequencies is studied using finite element analysis. The findings demonstrate
that the designed platform has effective tensioning output and vibration suppression
abilities. However, the insufficient vibration suppression effect also suggests that in the
future embedded superstructure cells need to be arranged in arrays to improve the vibration
suppression effect.
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