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Abstract

:

This study presents a numerical simulation-based investigation of a MEMS (micro-electromechanical systems)technology-based deformable mirror employing a piezoelectric film for fundus examination in adaptive optics. Compared to the classical equal-area electrode arrangement model, we optimize the electrode array for higher-order aberrations. The optimized model centralizes electrodes around the mirror center, which realizes low-voltage driving with high-accuracy correction. The optimized models exhibited commendable correction abilities, achieving a unidirectional displacement of 5.74 μm with a driven voltage of 15 V. The voltage–displacement relationship demonstrated high linearity at 0.99. Furthermore, the deformable mirror’s influence matrix was computed, aligning with the Zernike standard surface shape of the order 1–3. To quantify aberration correction capabilities, fitting residuals for both models were calculated. The results indicate an average removal of 96.8% of aberrations to the human eye. This underscores that the optimized model outperforms the classical model in correcting high-order aberrations.
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1. Introduction


The fundus is a human physiological feature in which the condition of blood vessels can be directly observed without surgical incision [1]. Fundus detection equipment visualizes the condition of the tissues in the eye at the cellular level, which allows a non-invasive and real-time approach to health monitoring [2]. Images taken by equipment indicate potential risks in the early stage of ophthalmic diseases, which provides eye doctors with an accurate treatment plan formulation. Due to the irregular optical pathways created by the passage of light through various ocular structures, including the cornea, crystalline lens, and vitreous body, aberrations in the wavefront images of the fundus can occur [3]. These aberrations distort the incoming wavefront, leading to imperfections in the imaging process. By employing wavefront sensing techniques, such as Hartmann–Shack wavefront sensing or Fourier domain optical coherence tomography, it is possible to analyze and quantify these aberrations [4,5]. Subsequent correction based on the acquired aberration data enables enhancement of image quality, providing a clearer and more accurate representation of the retinal structures during fundus examination.



While the distortions from the optical elements can be minimized through suitable engineering, the distortions from the transmission medium, such as the atmosphere, biological tissues or the specimen itself, need active correction techniques. Conventional fundus-imaging techniques do not correct the aberration that light passes through human eye tissue. The wavefront distortion caused by the scattering of the lens and retina tissue makes the aberration effect unavoidable. Therefore, doctors have difficulty acquiring a clear fundus image. Figure 1 illustrates the proposed adaptive system, which can correct wavefront aberrations for light rays through the use of a deformable mirror and a wavefront sensor. The numbers represent the travel path of the light.



Deformable mirrors can be actuated by various mechanisms, including electrostatic actuators with cantilever designs [6,7,8,9] or magnetic actuators utilizing permanent magnets and coils [10,11,12]. These actuators induce mirror surface movement, generating displacement. In this process, electric potential is transformed into strain along the direction of material polarization, leading to displacement. Typically, a thin layer of piezoceramic material with segmented electrodes is either directly deposited or glued beneath the reflective surface to achieve unimorph bending deformation [13]. Alternatively, an array of stack actuators with thickness actuation mode may be employed for reflective surface deformation [14,15,16,17,18,19,20,21,22,23,24]. Ma et al. designed a deformable mirror using a dual-electrode piezoelectric ceramic thick film actuator [25]. However, measurements revealed that the actuator had a stroke of only 6.6 μm at 100 V, indicating that the mirror required a high voltage for minimal displacement. To address these issues, this study utilizes a piezoelectric film, aiming to achieve low power consumption with a substantial stroke.



In this study, we designed a deformable mirror utilizing a piezoelectric film to achieve a large stroke with low-voltage drive. The simulation model of the deformable mirror is based on micro-electro-mechanical systems (MEMS) theory, enabling high-resolution production at lower costs. Increasing the number of electrodes may reduce the size of each electrode on the same substrate, making it challenging to achieve the target stroke. Therefore, a large substrate is necessary to ensure both electrode size and mirror stroke. However, large-size substrates come with high costs and a low production pass rate [26]. Consequently, we designed a deformable mirror with different electrode array distributions to adapt to various types of wavefront correction capabilities, meeting the requirements of fundus examination with lower resolution.




2. Structural Design and Optimization of the Deformable Mirror


The deformable mirror was designed to meet the requirements of fundus examination, aiming for high precision in motion with low driving voltage. Kyoto University in Japan designed and produced a piezoelectrically driven micro-mirror for adaptive optics. It is composed of a PZT thin film deposited on an silicon-on-insulator (SOI) substrate, featuring 19 electrodes distributed evenly over its surface [16]. The fabrication design of the deformable mirror is depicted in Figure 2. The model involves four layers formed on an SOI substrate (10 μm Si, 2 μm SiO2, and 500 μm Si). The four layers on the SOI include a 1 μm SiO2 bonding layer, 0.2 μm Pt lower electrode, 2 μm PZT piezoelectric layer, and 0.2 μm Al upper electrode. Additionally, there is a 15 mm diameter septum at the center serving as the movable layer of the deformable mirror. Finally, wiring is applied between the small intervals of each electrode, applying voltage to each electrode to achieve the actuation of the deformable mirror. However, this type of deformable mirror has a limited number of internal electrodes, resulting in suboptimal fitting performance. Therefore, this paper proposes a novel electrode arrangement approach. COMSOL Multiphysics 6.1 is used in the design to optimize the deformable mirror structure size [27]. The design of the deformable mirror is illustrated in Figure 2. Both types of deformable mirrors have a top electrode consisting of 19 electrodes arranged in a circular array. The classical equal-area division mode shown in Figure 3a features electrodes with equal sizes arranged sequentially along the inner and outer edges of the array. In contrast, the model shown in Figure 3b has more electrodes in the central region, with different sizes for the inner and outer electrodes. The optimized model increases the density of the inner electrode’s configuration. This design improves the resolution of the inner lens, resulting in a better ability to fit a higher-order Zernike polynomial.



In general, the size of the electrode is directly related to its kinematic capability. A higher resolution of the deformable mirror is associated with a more robust optical correction ability. Smaller-sized individual electrodes necessitate a larger operating voltage to attain the target stroke, indicating a trade-off between the kinematic capability and resolution of the deformable mirror.



In this section, the classical and optimized models of the deformable mirror were constructed using COMSOL Multiphysics 6.1 [28]. In the following sections, simulation studies were conducted to assess both the movement capability and piezoelectric properties of the PZT-5H (thin film). The dimensional parameters were then optimized based on the simulation results. Furthermore, the optical correction capability of the mirror simulation model was evaluated using the Zernike polynomial [29].




3. Optimization of Piezoelectric Thin Film Design


In the design of the deformable mirror, a piezoelectric thin film was selected as an actuator [30]. Compared with the conventional piezoelectric ceramic material, this thin film material can achieve low driving voltage with a small volume. It is not only compatible with semiconductor-integrated circuits but is also easy to combine. Considering the performance requirements and work conditions of the deformable mirror, PZT-5H was selected as the material of the piezoelectric film [31]. The thinner the piezoelectric material, the lower the required driving voltage. However, if the piezoelectric thin film is too thin, the movement of the piezoelectric materials is unable to meet the stroke standard for fundus inspection.



In the quarter model, the thickness of the PZT layer varied from 1.5 μm to 2.5 μm in increments of 0.25 μm. Voltages of 2 V and 10 V were applied to the yellow part with a radius of 1 mm to measure the center displacement of the mirror. As depicted in Figure 4, when the thickness of the piezoelectric film was less than 2 μm, the displacement of the center increased. This phenomenon can be attributed to the heightened thickness of the piezoelectric film, leading to an enhancement of the inverse piezoelectric effect. However, as the film thickness continued to increase, the structural constraints of the film limited its movement capacity. Considering the performance of different film thicknesses under various voltages, the optimal thickness for the piezoelectric film was determined to be 2 μm.




4. Optimization of Piezoelectric Thin Film Design


The static property of the deformable mirror was subjected to testing, wherein a voltage ranging from minus 15 V to 15 V was applied to the top electrode at 1 V intervals. The linearity between displacement and driving voltage was determined to be 0.99. As illustrated in Figure 5, the maximum displacement in the direction of the z-axis was found to be 5.74 μm, satisfying the prerequisites for fundus examination. Additionally, the maintenance of satisfactory linearity holds significant importance in accurately calculating the driving voltage for the deformable mirror.



The dynamic characteristics of the deformable mirror were assessed through a series of measurements. Upon applying a continuous alternating voltage to the mirror, we observed intermittent variations in displacement. Figure 6 illustrates the application of sinusoidal AC with varying peak voltages to the deformable mirror’s electrodes.



The displacement is measured at intervals of 0.005 s over a 4-s duration. Notably, the variation trend on the mirror surface closely follows the sinusoidal curve. Furthermore, the curves exhibit stability, indicating the consistency in the relationship between displacement and driving voltage throughout the four measured periods.




5. Evaluation of Optical Properties of Deformable Mirror


With the objective of determining the prevalence of optical aberrations in individuals, Porter et al. conducted measurements of wavefront aberrations in the eyes of 109 healthy subjects using the Hartmann–Shack wavefront sensor [32]. Their findings revealed that the primary component of eye aberrations was the Zernike pattern of the first three orders. Consequently, this study adopts the Zernike polynomial as a criterion to assess the correction capability of the deformable mirror. Moreover, the Zernike pattern serves as a representation of the standard surface shape of the mirror.



According to the electrode array, the upper electrode is divided into multiple independent areas. Each electrode is controlled to meet the target shape. In the energizing region of the deformable mirror, voltage vi is arranged in N rows, forming vector v. The type is as follows:


  v =        v   1         v   2       ⋮       v   N         



(1)







Linearity is between the applied voltage and the displacement of the movement region. The formula describing the shape of the movement region A and the applied voltage V can then be expressed. An M rows and N columns influence matrix is utilized to describe the relationship. The formula is as follows:


         a   1         a   2       ⋮       a   M        =        b   11       b   12     ⋯     b   1 N         b   21       b   22     ⋯     b   2 N       ⋮   ⋮   ⋱   ⋮       b   M 1       b   M 2     ⋯     b   M N               v   1         v   2       ⋮       v   N         



(2)







The row and column length of the influence matrix B is not the same. As a result, there is no invertible matrix. We introduce the concept of pseudo-inverse matrix B+ to replace the inverse matrix of the influence matrix [33], which consists of N rows and M columns.



Singular value decomposition of pseudo-inverse matrix B+ based on influence matrix B “B = ULVT” is shown as follows [16]:


    B   +   =     U L   V   T       − 1   =       V   T       − 1     L   − 1     U   − 1   = V   L   − 1     U   T    



(3)







To reproduce the shape of the movement region, the applied voltage v can be obtained by the following formula:


  v =   B   +   a  



(4)







When the optimal voltage of the target shape a0 applies to the deformable mirror, the actual movement region shape ag is solved as follows:


    a   g   = B   B   +     a   o    



(5)







After obtaining the control voltage to produce the Zernike polynomial of each order, the corresponding voltage is applied to each unit of the top electrode. The movement of the classical and optimized model is measured separately. The process makes use of the single numbering method. When evaluating wavefront compensation, the Z0 (piston), Z1 (x-tilt), and Z2 (y-tilt) are commonly excluded [34]. Therefore, this study chooses the first to third orders of the Zernike polynomial as fitting objects [35].



In this paper, we present a practical solution for correcting Zernike aberrations up to the third order by employing various combinations of electrode arrays. Given that the Tilt X, Tilt Y, and Power aberrations of the first order can be corrected using adaptive prisms, our emphasis in the aberration correction of the deformable mirror is on addressing the Astigmatism X, Astigmatism Y, Coma X, Coma Y, Trefoil X, and Trefoil Y modes of the second- and third-order Zernike coefficients.



Due to the high driving voltage, the deformable mirror exhibits an unavoidable hysteresis effect, thereby affecting the kinematic accuracy of the model. The applied voltage is constrained within the range of ±10 V, as illustrated in Figure 7, corresponding to the respective driving voltage combination. In the Coma X, Coma Y, and Trefoil Y modes, the electrode array distribution applied to both the optimized model and the classical model is identical. However, in the Astigmatism X mode of the classical model, there is uneven voltage distribution in the inner electrodes, with a greater quantity of negative voltages applied compared to positive voltages. In the Astigmatism Y mode, although an equal number of positive and negative voltages are applied, the angles between the electrodes are not distributed at 90° intervals, leading to errors in the Zernike shape. Due to the higher number of inner electrodes in the optimized model, the voltage distribution in the inner electrodes is more detailed and reasonable. Positive and negative voltages can achieve a completely symmetrical distribution, resulting in better fitting performance.



For the Trefoil X mode, the electrode distribution in the optimized model is exactly the opposite of that in the classical model. In the classical model, all the voltages applied to the electrode segments are distributed on the outer electrodes of the deformable mirror. Whilst in the optimized model, all the voltages applied to the electrode segments are distributed on the inner electrodes. Although applying voltages to the inner electrodes may lead to a more accurate fitting performance, it may also result in a lower fitting deformation for the optimized model.



We extracted mirror displacement data from simulations and employed Zernike polynomials in MATLAB R2019b to closely fit an ideal wavefront that resembles the desired surface. Using the fitted wavefront, we derived 36 imaging quality metrics. In particular, we specifically extracted the first 10 terms representing Zernike polynomials of orders 1 to 3.



The surface deformations in Figure 8 correspond to the electrode arrays depicted in Figure 9. In the correction of spherical aberrations, two deformable mirrors with different electrode arrangements have demonstrated excellent performance. However, the simulation results of the classical model indicate a more pronounced coupling phenomenon compared to other modes. For example, in the Astigmatism Y mode of the classical model, the ratio of coma Y to Astigmatism Y reaches 23.33%. The cause of this phenomenon may be the nonlinearity of piezoelectric materials or coupling introduced by the geometric shape of the electrode patches. Nevertheless, in the simulation results of the optimized model, this ratio is nearly negligible, amounting to 0.28%.



A similar issue arises in the Coma and Trefoil modes, suggesting that the optimized model exhibits better linearity, effectively reducing the coupling effects introduced by the geometric shape of the electrode patches.



Both the classical model and the optimized model demonstrate effective performance in correcting Coma aberrations. It is essential to highlight that both versions exhibit aberrations in the Tilt mode. Nevertheless, as mentioned earlier, Tilt X and Tilt Y aberrations can be corrected using adaptive prisms or digital correction techniques. Consequently, these Tilt aberrations do not exert a significant impact on the assessment of imaging quality.



In addressing the aberrations of Trefoil X and Trefoil Y modes, the performance of classical model is notably superior to optimized model. This is intuitively reflected in their corresponding Zernike coefficients, where the Trefoil X and Trefoil Y coefficients for the classical model are 3.48 and −3.12, respectively. Those for optimized model are 0.31 and −0.86. The underlying cause of this difference may be the relatively fewer external electrodes in the optimized model compared to the classical model.



For handling Trefoil X aberrations, the classical model employs external electrode driving, whereas the optimized model can only use internal electrode driving with a smaller driving area, resulting in insufficient driving force. When addressing Trefoil Y aberrations, the optimized model has only half the number of external electrodes compared to the classical model, leading to limited driving flexibility. Therefore, when dealing with images prominently featuring Trefoil aberrations, opting for the electrode arrangement of the classical model may be a preferable choice.



Figure 9 shows the stroke of two models when they fit different Zernike modes. The low-order term shapes are fitted with a greater stroke. When the order increases, the fitting displacement decreases. In addition, as the Zernike order becomes larger, the complexity of the corresponding surface augments. Due to the structure of the deformable mirror, the coupling effect exists between the electrodes. which leads to a decrease in the stroke of the deformable mirror.



The product of the pseudo-inverse and influence matrix is not an identity matrix. As a result, there are differences between the generated and standard surface shape. After calculating and comparing the residuals of two displacements, the results may indicate the difference between the two models.



As a wavefront corrector in adaptive optics (AO) systems, the deformable mirror’s ability to fit wavefront aberrations within the fitting aperture is one of the important performance metrics. The fitting error coefficient for the i-th Zernike aberration of the deformable mirror within the fitting aperture (fixed at 10 mm to ensure that the voltage applied to each electrode does not exceed 10 V) is defined as follows [36]:


  r =    ∑  j = 1   M          a   o j   −   a   g j       2       



(6)







The residual calculation results are shown in Figure 10. The deformable mirrors of the two models are similar in low-order aberration correction. However, in the fourth-order (Z10–Z14) surface shape fitting, the residual error of the optimized model decreases. Meanwhile, compared with the classical model, the fourth-order surface shape residual average is 13.87% smaller.



The deformable mirror produces various strokes of different Zernike modes, resulting in a residual value between the actual and the target surface. Therefore, the result enables evaluation of the capability of aberration correction. The RMS value of eyeball wavefront aberration is j. The value between the aberration and the shape of the deformable mirror is r. Since there is no initial deviation of the deformable mirror, the removal rate of eye aberration p is as follows


  p =   j − r   j   × 100 %  



(7)







The calculation results are shown in Figure 11. Each colorful ball corresponds to a difference removal rate of one of the Zernike orders of the optimized model. These results are based on the optimized model, showing an average aberration removal rate of 96.8% and a maximum aberration removal rate of 98.9%.



By applying Zernike theory, devices like fundus cameras and optical coherence tomography (OCT) systems can precisely correct aberrations and improve image quality. Zernike polynomials provide a robust mathematical framework for characterizing and correcting optical aberrations in these systems. This correction is crucial for high-resolution visualization of the retina, aiding accurate diagnosis and monitoring of retinal diseases. Adaptive optics technology using Zernike deformable mirrors dynamically corrects aberrations induced by the eye’s optics in real time, enhancing imaging resolution and contrast. Thus, Zernike theory advances fundus cameras and OCT systems, enabling early detection and personalized management of retinal pathologies.




6. Conclusions


In this study, a piezoelectric deformation mirror employing MEMS technology for a fundus examination adaptive optics system was designed. The model was optimized and evaluated using COMSOL Multiphysics 6.1 The selected material of the actuator was PZT-5H, offering a small size and low-voltage driving.



Compared to the classical equal-area electrode arrangement model, we optimized an electrode array for higher-order aberrations. The optimized model centralized electrodes around the mirror center, which realized low-voltage driving with high-precision correction. We evaluate the kinematic performance of the deformable mirror. The optimized models exhibited commendable correction abilities, achieving a unidirectional displacement of 5.74 μm with a driven voltage of 15 V. The voltage–displacement relationship demonstrated high linearity at 0.99. In addition, the dynamic characteristics test showed that the variation tendency on the mirror surface synchronized with the voltage.



Comparing the optimized model with the classical model, Zernike polynomial fitting was employed to evaluate the correction effect of mirror aberrations. It was found that the optimized model had a closer fitting effect to the standard surface. To quantify aberration correction capabilities, fitting residuals for both models were calculated. The results indicated an average removal of 96.8% of aberrations to the human eye. In addition, the RMS was employed to evaluate the fitting accuracy. Our results showed that the optimized model fitted the third-order Zernike shape more effectively.



In general, measurements show that deformable mirrors correct optical aberration with high accuracy. As a result, this research provides significant value in the field of fundus examination and adaptive optics.
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Figure 1. The adaptive optics system for fundus examination. 
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Figure 2. Structure design of the piezoelectric film deformable mirror. 
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Figure 3. Division of top electrode array: (a) classical model; (b) optimized model. 
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Figure 4. Displacement voltage diagram of piezoelectric film. 
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Figure 5. Static characteristics of the voltage displacement of the deformable mirror. 
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Figure 6. Dynamic characteristics of the voltage displacement of the deformable mirror. 
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Figure 7. Illustration of the voltage arrays applied to the deformable mirror to achieve different deformations. 
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Figure 8. The various surface deformation displacements represented by Zernike coefficients: (a) Astigmatism X; (b) Astigmatism Y; (c) Coma X; (d) Coma Y; (e) Trefoil X; (f) Trefoil Y. 
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Figure 9. Stroke comparison of the optimized model and classical model. 
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Figure 10. Residuals statistics between growth target shape and actual shape. 
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Figure 11. The aberration removal rate. 
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