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Abstract: In a photoelectric tracking system, a deformable mirror can be used to adjust the transmis-
sion path of a light beam to achieve accurate measurement and tracking of the target position. The
single-piezoelectric-sheet deformable mirror is a commonly used wavefront correction device with
outstanding advantages, such as its simple structure, low cost, and easy preparation. However, it
usually has a large cross-linking value and a weak ability to correct higher-order wavefront aberra-
tions. To solve this problem, a novel single-piezoelectric-sheet deformable mirror driving structure is
proposed in this paper, in which the coupling between the driving units is weakened by laser cutting
the piezoelectric ceramics along the electrode gaps to reduce the cross-linking value of the deformable
mirror. In order to verify the effectiveness of this driving structure, this paper takes the 85-unit
single-piezoelectric-sheet deformable mirror as an example and simulates the influence function for
different cutting depth conditions. The simulation results show that the cross-linking value between
neighboring drive units decreases significantly as the piezoelectric-ceramic-laser cutting depth of the
drive electrode gap increases. When the piezoelectric ceramic was laser cut to a depth of half of the
overall thickness, the cross-linking value decreased by 6.8%.

Keywords: piezoelectric deformable mirror; adaptive optics; cross-linking value; photoelectric imaging

1. Introduction

The photoelectric tracking system is a technology based on optical technology to
achieve the function of the target tracking and positioning system, which usually includes
cameras and photoelectric sensors to monitor the position and motion information of target
objects [1]. It is widely used in aerospace, navigation, military, and robotics. Photoelectric
tracking systems can obtain real-time information about the motion of the target and control
it as needed in order to achieve accurate tracking and positioning of the target. In some
cases, photoelectric tracking systems need to correct wavefront aberrations in the optical
system in order to achieve the system to maintain high-precision tracking of the target [2].

Adaptive optics is a technique applied to optical systems to correct aberrations by
adjusting the shape or characteristics of optical elements in real time to obtain better
image quality. This technique was initially developed to solve the aberration problem
in ground-based telescopes under the influence of atmospheric turbulence [3]. Adaptive
optics systems utilize sensors to monitor the propagation of light waves in real time and
correct these aberrations with controllers and compensation devices. Deformable mirrors
were first proposed to solve the problem of aberrations in ground-based telescopes under
the effect of atmospheric turbulence. As one of the core devices of adaptive optics systems,
it has good application prospects in both military and civilian fields, and optimizing its
parameter design has a crucial impact on the overall performance [4,5]. Atmospheric
turbulence can lead to phase differences in the incident light wavefront, thus reducing the
resolution and imaging quality of the telescope. By adding a deformable mirror to the
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optical system of the telescope, the shape of the mirrors can be adjusted in real time to offset
the phase difference caused by atmospheric turbulence, thus improving the observing
capability of the telescope [6]. According to the different working principles and materials,
deformable mirrors can be categorized into various types, such as electrostatic-driven [7],
electromagnetic-driven [8], and piezoelectric-driven [9]. Among these, the piezoelectric
deformable mirror is a common type. It utilizes the piezoelectric effect, in which certain
crystals change shape under the action of an electric field. It makes use of the piezoelectric
effect, which usually has the advantages of a compact and lightweight structure, fast
response speed, high deformation accuracy, and wide application band [10].

The piezoelectric deformable mirror is made of piezoelectric crystal material, and the
curvature and shape of the mirror are adjusted by applying a voltage to change the shape
of the crystal [11,12]. The piezoelectric deformable mirror has significant advantages over
other types of mirrors [13]. First of all, it has a fast response speed, which can quickly
respond to external excitation and achieve high-speed shape adjustment, suitable for fast
optical systems. Secondly, it has high shape adjustment accuracy, which can achieve sub-
nanometer deformation and is suitable for high-precision optical systems. Thirdly, its
power consumption is low; a piezoelectric deformable mirror only needs to apply a very
small voltage when working, so its power consumption is relatively low [14]. Fourthly, it
is highly reliable, with a simple, lightweight structure and no internal mechanical parts
or wearing parts. Finally, the precision of piezoelectric deformable mirrors can reach sub-
micron level, which is finer than other principle mirrors. Moreover, due to the special nature
of the piezoelectric effect, piezoelectric deformable mirrors can realize a wide range of
surface deformations, which can satisfy the demand of adjusting different wavelengths [15].
However, there are some drawbacks; the displacement range of piezoelectric deformable
mirrors is small and not suitable for large displacement applications. The performance of
piezoelectric materials is greatly affected by temperature [16]. Its working temperature
range is strict, and the mechanical and electrical properties of piezoelectric materials change
at different temperatures, causing instability, so temperature compensation is needed [17].
The larger cross-linking values are due to the fact that the piezoelectric deformable mirrors
are designed to obtain higher mechanical strength and stability and to improve the rigidity
and stability of the material. The structural design of the piezoelectric ceramics has not
been updated, resulting in larger cross-linking values for piezoelectric deformable mirrors
compared to other types, which is reflected in this paper.

Based on the content of our knowledge, other studies usually only consider the effect
of the overall thickness of the piezoelectric ceramic, the shape of the electrodes, the way
the electrodes are arranged, and the way the edges are supported on the deformable mirror
performance [18-20]. Ningbo University prepared a 19-unit 50 mm caliber deformable
mirror prototype in [21]. A two-wafer deformable mirror with 20 electrodes on a 63 mm
aperture was designed in reference [22]. Piezoelectric-stack deformable mirrors with
61 piezoelectric actuators and a 60 mm aperture and dual-wafer deformable mirrors with
48 electrodes and a 50 mm aperture have been established in reference [23]. To this end,
a simple and low-cost 85-unit silicon-based single-piezoelectric-sheet deformable mirror
is proposed in this paper, in which the processed thickness of the piezoelectric ceramic is
adjusted by laser cutting, and the electrode shape is ensured to remain unchanged. The
processing of the thickness does not exceed 50% of the piezoelectric material’s thickness
(Laser cutting the PZT sheet deeper than 50% caused serious carbonation and made the
actuators fragile.). The deflection and cross-linking value of the deformable mirror are
taken as two indicators affecting the calibration performance.

Later in this paper, there is a significant decrease in the cross-link value when cutting
the non-electrode region of the piezoelectric material. This is due to the fact that the cutting
process destroys the structure of the piezoelectric ceramic material and reduces its cross-
linking properties. It is possible to add degrees of freedom to the single-piezoelectric-sheet
deformable mirror to achieve a faster deformation speed; reduce the inertia effect, making
the response faster and better adapted to external changes; reduce the thickness of the
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piezoceramics by cutting, which reduces the size and the weight; and reduce the thickness
of the piezoceramics to increase their intrinsic frequency, thus improving the frequency
response range of the deformable mirror.

The remainder of this article is organized as follows. Section 2 describes the back-
ground, underlying theory, and modeling of piezoelectric deformable mirrors. Section 3
introduces and presents the analysis of the proposed method in this study. Section 4 de-
scribes the analysis of the simulation results of the proposed method. Finally, Section 5
concludes this article.

2. Background and Modeling of Piezoelectric Deformable Mirrors

This section introduces background on piezoelectric deformable mirrors and their
modeling. It also describes some basic concepts of piezoelectric deformable mirrors, such
as influence functions and cross-linking values.

2.1. Piezoelectric Materials and the Piezoelectric Effect

The piezoelectric material chosen for the piezoelectric deformable mirror designed in
this article is PZT-5H. PZT-5H is a commonly used lead zirconate titanate (PZT) ceramic
material with good piezoelectric properties. It has a high piezoelectric coefficient and
piezoelectric stress constant, which can produce a large deformation response when an
electric field is applied. It also has high mechanical strength and toughness to withstand
large stresses and strains, resulting in better stability and durability during deformable
mirror operation.

The piezoelectric effect refers to the fact that when an external force is applied to
the surface of a piezoelectric material, the material separates the positive and negative
charges, resulting in an imbalance in the internal distribution of charges, which leads to the
formation of potential differences and voltages [24]. The schematic diagram is shown in
Figure 1a. The inverse piezoelectric effect is the inverse process of the positive piezoelectric
effect. When an external electric field is applied to a piezoelectric material, the material
deforms, resulting in mechanical stress. The schematic diagram is shown in Figure 1b. PDM
utilizes the inverse piezoelectric effect, whereby an applied electric field creates mechanical
stress through the piezoelectric material, which facilitates the displacement of the mirror.
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Figure 1. Piezoelectric effect schematic diagram: (a) Piezoelectric effect schematic diagram. (b) In-
verse piezoelectric effect schematic.

2.2. Piezoelectric Deformable Mirror Structure

The initial model of the 85-unit PDM is shown in Figure 2a and consists of a 500 pm
thick layer of monocrystalline silicon material and a 300 um thick layer of the piezoelectric
material—lead zirconate titanate (PZT-5H)—with a silver-coated layer on the surface of the
optics, which is generally in the range from about 80 nm to 150 nm in thickness.

The diameter of the deformable mirror is 50 cm, and the effective calibrated aperture
is 46 cm. In this paper, we investigate the effect of different thicknesses of the piezoelectric
layer on the optical system. The inner surface of the piezoelectric layer is covered with
a metal film as a common electrode, while the outer surface is covered with a patterned
array of electrodes. The operating voltage range was —150~+150 V. We kept the thickness
of the electrode region constant and cut the non-electrode region by laser cutting and
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other methods. In addition, we coated the outer surface of the wafer with a metallic or
dielectric reflective layer. We chose monocrystalline silicon material for the deformable
mirrors’ optical mirror compared to conventional glass materials because of its excellent
mechanical properties, compatibility with micromachining processes, and the easy avail-
ability and low cost of commercially polished silicon wafers. These wafers can achieve
thicknesses of 200~1000 pm and diameters of 50~100 mm, and the polished surfaces have
good optical properties.
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Figure 2. Schematic diagram of 85-unit piezoelectric deformable mirror. (a) Cross-sectional view of
deformable mirror. (b) Distribution of the 85 electrodes.

2.3. Cross-Linking Value

Cross-linking value is a parameter of the strength and stiffness of the surface of a
deformable mirror. It describes the properties of the deformable mirror material, including
its stiffness, elasticity, and deformability [25]. The driver cross-linking value, which is
the ratio of the deformation J of the energized driver in a single influence function to
the deformation ¢ of the drivers in adjacent positions. The detailed schematic, shown in
Figure 3, is as follows
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Figure 3. Figure of the method for calculating the cross-linking values of deformable mirrors.

The larger the change in cross-linking value, the smoother the wavefront change,
and the smaller the cross-linking value, the steeper the wavefront change. Different cross-
linking values can also seriously affect the ability of the deformable mirror to correct the
phase of the wavefront. The definitions and calculations of the cross-linking value in this
article are described later.

3. Design of Electrode Gap Cutting for Piezoelectric Deformable Mirrors

This section focuses on how to select the ortho-hexagonal pattern among several
common piezoelectric deformable mirror electrode patterns, the design of the cutting
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region, and the method of calculating the cross-linking value based on the piezoelectric
deformable mirror structures covered in this paper.

3.1. Design of Electrode Pattern and Selection of Cutting Area

The dominant electrode patterns today are square hexagons or circles. Comparisons
have shown that more actuators can be mounted on a hexagonal electrode than on a
circular electrode for the same area with the same diameter of mirror or piezoelectric
ceramic material. Figure 4 illustrates this point. The individual hexagonal electrodes in
(a,b) have the same area as the circular electrodes, but 85 are arranged in (a), while only 69
are arranged in (b). Additionally, the piezoelectric material has the same area, so (a) has a
higher fill ratio than (b), which is more valuable in practical applications.

(:Ig{g)t
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Figure 4. Figures describing deformable mirrors with different electrode shapes. (a) Distribution of

electrode shapes in an ortho-hexagonal shape. (b) Circular electrode shape distribution diagram.
dy =2mm, dy =3.638 mm, f =0.69 mm.

As shown in Figure 4, at equal actuator areas and electrode spacing, our piezoelectric
deformable mirror with circular mirror aperture can accommodate 85 hexagonal actuators
in a hexagonal lattice (Figure 4a) but only 69 circular actuators in a square lattice (Figure 4b).
We chose the hexagonal arrangement because it provides a dense actuator placement and
achieves a high fill ratio.

2
3><sing ><d12=7t<dzz) @)

An increase in the number of actuators is beneficial to the performance of a piezoelec-
tric deformable mirror. It provides a greater deformation range, higher resolution, and
faster response. Therefore, electrodes with regular hexagonal shapes are used in this study.

In other studies exploring the effect of the thickness of piezoelectric deformable mirrors
on their performance, usually, only the thickness of the whole electrode has been considered
for the study. In contrast, in this paper, a more innovative cutting region is considered,
where the piezoelectric ceramic material is cut at different depths except for the electrode
region, such as the purple area in Figure 4a.

In order to investigate the effect of the cutting depth of the piezoelectric ceramic
electrode gap region on the performance of the piezoelectric deformable mirror, four
groups of programs were designed, as shown in Figure 5. The cutting depths of the cut
electrode gap region were 0 pm, 37.5 um, 75 um, and 150 um, respectively (12.5%, 25%, and
50% of the total thickness of 300 um). The deformable mirror’s deformable ability changes
were observed by designing different depths of cut.
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Figure 5. Schematic diagram of cutting depth: (a) 0 um depth of cut; (b) 37.5 um depth of cut;
(c) 75 um depth of cut; (d) 150 um depth of cut.

Electrodes

3.2. Proposed Method of Calculating the Cross-Linking Value for This Structure

For the structure of the 85-unit piezoelectric deformable mirror proposed in this paper,
a method for calculating the cross-linking value is proposed. If the electrode sheet used
to calculate the cross-linking value is located at the edge, the displacements of the center
points of several electrode regions nearest to its center point are added and averaged. If
the electrode sheet for calculating the cross-linking value is not located at the edge, the
calculation parameters are taken from the several electrode regions closest to its center
point, which is usually six drivers in this structure. As shown in Figure 6, when analyzing
electrode No. 43, which is located at the center, we need to consider electrodes No. 33, 34,
42,44, 52, and 53, which are at the closest distance around it. When analyzing electrode 1 at
the edge, we only need to consider electrodes No. 2, 6, and 7 because they are the only three
electrodes within the closest distance. This is calculated by averaging the displacements
of electrodes No. 33, 34, 42, 44, 52, and 53 and comparing them with the displacement
of electrode No. 43. The displacements of electrodes No. 2, 6, and 7 are averaged and
compared with the displacement of electrode No. 1.

Figure 6. Figure of illustration of the calculation of the cross-linking values of this structure.

3.3. Simulation Parameter Setting

The designed 85-unit piezoelectric deformable mirror structure was imported into
finite-element simulation software. In this study, 50 V was applied individually and
separately in the order of electrode numbering, and fixed constraints were applied to
the mirror edges. The mechanical restriction tooling for the free actuator electrodes is
shown in Figure 7. The base is not included in the simulation and the perimeter of the
piezoelectric sheet deformation mirror is glued to the tooling with epoxy adhesive. When
the piezoelectric sheet is energized, there is no effect on the deformation of the tooling.
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Figure 7. Figure of a description of the condition setting for piezoelectric deformable mirrors in the
simulation. (a) Schematic diagram of the sequence of applying 50 V to the electrodes. (b) Schematic
diagram for applying fixed constraints to mirror edges.

The piezoelectric deformable mirror is modeled using finite-element simulation soft-
ware, applying electrostatic field and solid mechanics to establish the relationship between
the stated voltage and the amount of deformation through the piezoelectric effect. In the
finite-element model, the diameter and thickness of the mirror are set to be 50 cm and
500 pm, respectively; the diameter of the piezoelectric material is 46 cm, the thickness of the
piezoelectric material is 300 pm, the electrode material is silver with a thickness of about
1-3 um, and a free tetrahedral mesh is delineated for the overall structure. The material
parameters of the piezoelectric deformable mirror are shown in Table 1:

Table 1. Deformable mirror material parameters.

Unit Si PZT-5H Ag
Young’s modulus [E/GPa] 170 68 83
Poisson’s ratio [v] 0.28 0.3 0.37
Piezoelectric coefficient [d31/ (pm‘V_l)] - —450 -

4. Results

This section shows the results of applying various different constraints to the piezo-
electric deformable mirror and simulating it in finite-element software. It contains the
amount of mirror deformation, the influence function curve, the cross-linking value, and
the linearity index between input and output.

First, we place a fixed constraint on the edge of the mirror and then apply 50 V to
all electrodes simultaneously. The displacement results are shown in Figure 8. It can be
seen that at any cutting depth, the maximum value of the entire mirror displacement is
located in the most central area of the mirror. This is due to the fixed constraint we place
on the specular edge, so the position variant closer to the edge is smaller. From the overall
point of view, the maximum deformation of the mirror gradually decreases as the cutting
depth deepens. This phenomenon occurs because the volume of the piezoelectric material
decreases, and the charge generated by the inverse piezoelectric effect decreases.
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1.39 pm A 1.33 um

1.28 um A 1.19 pm

(c) (d)

Figure 8. Figures of simulated deformation of all electrodes electrified with 50 V simulated deformable
mirror. (a) Figure is the simulation of deformable mirror shape variable of 0 um depth of cut.
(b) Figure is the simulation of deformable mirror shape variable of 37.5 um depth of cut. (c) Figure is
the simulation of deformable mirror shape variable of 75 um depth of cut. (d) Figure is the simulation
of deformable mirror shape variable of 150 um depth of cut.

We applied a voltage value of 50 V to each of the individual electrodes by applying
them in the order of the electrode serial number and taking the center point of each positive
hexagonal electrode as the coordinates for counting the displacement. Using the mirror
surface as the zero reference surface, the resulting histogram of the shape variable of each
electrode region is obtained, as shown in Figure 9.

1 Oumcu
0.4 FIE337.5um cu
1 75umcu
0.38 I 150um cu

0 10 20 30 40 50 60 70 80
Actuator number

Figure 9. Figure of the amount of deformation produced at the center of a single electrode when a
voltage of 50 V is applied to that electrode, with the actuator number in the horizontal coordinate
and the amount of deflection in the vertical coordinate.
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The overall graph of deflection shows a sinusoidal-like function curve, with the overall
trend increasing the closer we become to electrode 43. The reason for this phenomenon is
that the closer electrode No. 43 is, the closer its position on the piezoelectric material is to
the center, and the less the effect of the edge fixation constraint is applied. In the process of
converging to electrode No. 43, there will also be the image of a small sinusoidal wave. For
examples, see No. 04, No. 5-11, No. 12-19.... The reason is the same as above: there is a
significant decrease in the deflection at the position close to the edge.

In the structural design of the piezoelectric deformable mirror, the electrodes are
placed in a circular array. Therefore, when plotting the influence function curves to infer
the wavefront characteristics of the entire surface shape, we selected five electrodes on
the circumferential diameter. However, electrode No. 47 is close to the edge, and, within
the deformable mirror with a small diameter, the error is large, so it is rounded off. The
remaining four electrodes can be used as representatives of the rest of the electrodes, and,
with them, the wavefront phase of the whole mirror can be fitted by a specific algorithm.
So, No. 43, 44, 45, and 46 are chosen as the main research objects of this paper. The detailed
description is in Figure 10.

EEE

Figure 10. Figure of illustration on how to select electrodes for plotting the influence function.

The results were obtained by applying 50 V to each of these four electrodes individually
in the finite-element software and then extracting the cross-section data. Figure 11 shows
the cross-section lines of the actuator influence function based on the four design options
(corresponding to the numbering in Figure 1b). Electrodes No. 43, 44, 45, and 46 are
analyzed and numbered from the center region to the boundary regions where the actuator
can locally deform when a voltage is applied. The difference in the deformation of each
actuator is mainly affected by the electrode position, in which the deformable mirror
of the centermost actuator No. 43 has a maximum deformation of 0.399 um without
cutting, and 0.371 um with a cutting amount of 150 pm, while the deformable mirror of
the outermost actuator No. 46 has a deformation of 0.349 pm without cutting within the
effective aperture diameter and 0.349 um without cutting. The maximum deformation
of the deformable mirror surface of the outermost actuator No. 46 was 0.349 um when
no cutting was performed in the effective aperture, and the maximum deformation of
the deformable mirror surface was 0.326 pm when the cutting amount was 150 um; the
relationship between the maximum deformation and the number of electrodes is shown
in Table 2. As can be seen from Figure 11, the peak value of the influence function curve
of each actuator decreases with the increase in the cutting depth. When the cutting depth
is the same, the peak value of the influence function is larger and closer to the center
position. The cross-linking values of the deformable mirrors reflect the influence of adjacent
actuators, which will be analyzed later.
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Figure 11. Figures of the influence function curves for specific electrodes at different depths of cut:
(a) 0 um depth of cut; (b) 37.5 um depth of cut; (c) 75 um depth of cut; (d) 150 pm depth of cut.

Table 2. Maximum deformation of electrodes No. 43, 44, 45, and 46 analyzed by influence function

curves for four cutting depths.

0 pm 37.5 pum 75 um 150 pym
No. 43 0.399 0.390 0.383 0.371
No. 44 0.394 0.385 0.379 0.367
No. 45 0.379 0.369 0.363 0.351
No. 46 0.349 0.341 0.336 0.326

The maximum deformation versus the number of electrodes is shown in Table 2,
which lists the maximum deformation induced by electrodes No. 43, 44, 45, and 46 at an
on-voltage of 50 V when electrode gap cuttings of 0 um, 37.5 um, 75 pm, and 150 pm were
performed. Taking electrode No. 43 as an example, the maximum deformation shows a
decreasing trend when the depth of the cut is gradually increased from 0.399 pum, 0.390 pm,
and 0.383 wm to the final 0.371 um. It can be concluded that the maximum deformation
decreases with the increase in the depth of cut.

In this section, the cross-linking values are also calculated and analyzed, and the
results are shown in Figure 12. It can be concluded that a deeper cutting depth makes
the cross-linking values decrease. This is analyzed with the most minor cutting depth of
150 pm, where the smallest cross-linking value is 35.14% at electrode No. 1. In contrast,
the largest cross-linking value is 52.84% at electrode No. 43 (the most central position). An
overall trend can also be seen in that, for a certain depth of cut, and the closer the electrode
position is to the central region, the greater the cross-linking value.
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Figure 12. Cross-linking value of deformable mirror.

It can be seen in Figure 12 that the general pattern is very similar to Figure 9. The reason
is also the same, it is due to the position of the electrode rows that lead to this result. We can
see from the figure that cutting only the electrode gap can lead to a significant decrease in
the cross-linking value. Therefore, cutting the electrode gap should be considered to achieve
the purpose of obtaining the best cross-linking value when designing the deformation
mirror when the electrode shape and electrode distribution cannot be changed.

5. Conclusions

In this paper, based on 85-unit piezoelectric deformable mirrors, four electrode gap
cutting depths were designed. The advantages and disadvantages of different electrode
modes were compared, and the effects of the piezoelectric ceramic actuator gap cutting
depths on the distribution of the actuator displacement capability and cross-linking values
were investigated. The results show that the displacement capability and cross-link value
decrease with the increase in the cutting depth and increase with the decrease in the depth.
In general, the linear relationship between the input voltage and output deformation is
better, and the response is faster when the cross-linking value decreases. Therefore, the
cutting piezoelectric deformable mirror can also meet the demand in terms of its compen-
sation ability. The deformable mirror model established by the finite-element method can
effectively predict the effect of the cutting depth on the performance of the deformable
mirror’s electrode gap region and give the magnitude of the actuator displacement and
cross-linking value under the simulation conditions, which are guides to the manufactur-
ing process and the use environment of actual piezoelectric deformable mirrors and lay
the foundation for the design and manufacture of more-unit deformable mirrors. In the
future, we plan to consider deformable mirrors with more electrode shapes, divide the
depth level of the cut into more detailed levels, and search for literature to use different
cutting methods. Moreover, we will search for a better optical bonding adhesive to adhere
piezoelectric materials and mirrors and, subsequently, plan to compensate the piezoelectric
hysteresis by control means to further enhance the performance of deformable mirrors.
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