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Abstract: Micro-Opto-Electro-Mechanical Systems (MOEMS) technology is rapidly developing, with micro scanning devices centered around MEMS micro-mirrors 
increasingly becoming a research focus. Addressing the shortcomings of single-cantilever MEMS micro-mirrors, which suffer from high beam stress, small scanning angles, 
and inadequate frequency response, the study proposes a novel dual axis micro mirror with a dual straight beam structure to address limitations in current MEMS micro 
mirror designs. Using COMSOL finite element software, we optimized the structural dimensions and conducted performance simulations. The proposed design achieves a 
fast axis resonant frequency of 4397 Hz with a maximum scanning angle of 31°, and a slow axis resonant frequency of 422.3 Hz with a maximum scanning angle of 50.2°. 
Compared to single beam structures, our design demonstrates 17.2% and 18.7% stress reduction for fast and slow axis scanning respectively, under equivalent deflection. 
This dual straight beam MEMS micro mirror offers improved mechanical deflection performance, reduced crosstalk, and enhanced scanning capabilities, contributing to 
advancements in optical systems and scientific exploration. 
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1 INTRODUCTION 
 

The MEMS Micro Scanning Mirror (commonly 
known as MEMS micro-mirrors) is a quintessential 
example of a micro-opto-electromechanical system. 
Through precise control of their translational or rotational 
movements, these micro-mirrors can perform a variety of 
functions such as focusing, defocusing, reflecting, and 
modulating the frequency and amplitude of incident light, 
thereby facilitating the scanning process [1-3]. MEMS 
mirrors play a crucial role in advancing the development 
and innovation of optical technology due to their key 
characteristics. These include providing precise beam 
control in optical systems, rapid response, miniaturized 
integration, cost-effectiveness, programmability, 
environmental stability, and the capability for                      
multi-wavelength operation. MEMS micro mirrors are 
divided into one-dimensional and two-dimensional types 
based on scanning dimensions and into four categories: 
electrostatic, electrothermal, piezoelectric, and 
electromagnetic, by driving method [4, 5]. Electrostatic 
models, though mature, have high driving voltages and 
nonlinear responses. Electrothermal models respond 
slowly and are sensitive to external factors. Piezoelectric 
models, due to their driving principle, have limited 
displacement and are not suitable for wide-range scanning. 
Electromagnetic models, however, operate at low voltages, 
provide strong driving forces, enable significant 
displacements, and allow for large scanning angles [6, 7].  

Owing to the structural complexity of the                
micro-mirrors and the properties of the materials used, it 
typically exhibits a highly underdamped system, resulting 
in a deficient dynamic response and limited positioning 
accuracy [8]. The reflective surface typically measures 3 to 
5 millimeters in diameter, with a common single beam 
torsion structure having a thickness and width of 200 to 500 
micrometers [9-11]. This micro-design challenges the 
material's stress endurance. Stress constraints limit the 
torsion angle; excessive angles risk beam damage or 
fracture, thus restricting the scanning angle range [12, 13]. 
In 2014, M. Pallapa and colleagues developed a low-cost, 
low-voltage, and large scanning angle electromagnetic 

MEMS micro-mirrors using magnetic film, mirror, torsion 
beam, frame, and planar drive coil, achieving a compact 
size [14]. In 2016, Zhou Ying and others utilized              
micro-nano processing techniques to create an 
electromagnetic scanning grating micro-mirror chip, 
enabling the substitution of a single-tube detector for an 
array [15]. In 2023, Wu Jiaqi and colleagues designed an 
electrostatic-driven parallel plate micro-mirror that, with 
the same driving force, achieves greater vertical 
displacement through structural enhancements [16]. 
Overall, micro-nano processing technology has made 
MEMS micro-mirrors even smaller, but it also poses 
challenges in terms of the beam structure's stress 
endurance. Excessive torsion angles may cause damage to 
the beams, limiting the performance of the micro-mirrors. 
The design of the dual straight beam torsion structure, by 
distributing the load, reduces the stress on individual 
beams and prevents damage, thereby increasing the torsion 
and scanning angles. This compensates for the stress 
deficiency brought about by miniaturization. 

Regarding the above issues, the paper presents an 
electromagnetic-driven MEMS dual straight beam 
scanning micro-mirror that utilizes the interaction force 
between a current carrying coil and a permanent magnet to 
achieve scanning. The paper first conducts an in-depth 
analysis of the driving mechanism and torsional dynamics 
of the MEMS micro-mirrors. Subsequently, the structural 
dimensions of the micro-mirror are designed and optimized 
using COMSOL finite element software. Through modal 
simulation analysis, harmonic response simulation 
analysis, and ultimate simulation stress, a comparative 
performance analysis is conducted between the dual 
straight beam structure and the single straight beam 
structure micro-mirrors. Through this research, we aim to 
provide new insights and solutions for the design and 
application of MEMS micro-mirrors. 
 
2 METHODS AND EXPERIMENTS 
2.1 Actuation Method 
 

The electromagnetic actuation of the MEMS biaxial 
scanning micro-mirror primarily relies on the interaction 
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between the electrified coil and the permanent magnet's 
electric field for scanning. When a current of a specific 
frequency is applied to the X and Y axis drive coils within 
a constant magnetic field, the drive coils experience 
Lorentz forces, which act as the driving force to rotate the 
reflector. This rotation deflects the laser beam, enabling it 
to traverse a predetermined scanning range, thus 
completing the image scan [17, 18]. The electromagnetic 
MEMS micro-mirror device designed in this paper consists 
of six parts: a rectangular cross-section torsion beam, a 
mirror, an inner frame, a coil embedded in the inner frame, 
an outer frame, and a permanent magnet. The mirror is 
connected to the inner frame via the torsion beam (fast 
axis), while the inner frame is secured to the outer frame 
with the torsion beam (slow axis). This paper introduces a 
novel actuation method using a dual straight beam 
supporting structure and a 45° inclined magnetic field, 
enabling biaxial deflection with a single drive coil, as 
illustrated in Fig. 1. 
 

 
Figure 1 Dual Axis Scanning Micro-Mirror with Two Straight Beam Support 

 
This design differs from other configurations where 

the magnet is positioned directly beneath the micro mirror. 
The micro mirror's magnet is situated around its perimeter, 
level with the mirror, and employs a "7" shaped magnet to 
maintain a 45° angle with the central axis. To ensure an 
adequate driving force, the inner frame integrates 
numerous rectangular driving coils. In the dual axis 
scanning micro-mirror structure supported by two straight 
beams, a current excitation signal at a specific frequency is 
applied to the driving coil. This energized coil experiences 
Lorentz force within a constant magnetic field [19-21]. 
Owing to the coil's embedding in the inner frame, the 
resultant torque influences the inner frame, inducing 
rotation of the outer torsion beam (slow axis). Resonance 
is achieved by exciting the natural frequency, thereby 
enhancing the amplitude of oscillation and facilitating the 
rotation of the inner torsion beam (fast axis). A single coil 
and a 45° oblique magnetic field facilitate rapid scanning 
around the fast axis and slower scanning around the slow 
axis of the micro mirror, as illustrated in Fig. 2.  

The laser beam is directed at the MEMS micro mirror's 
surface, which rotates along both axes. This rotation results 
in a defined rectangular scanning field angle, enabling both 
horizontal and vertical scanning. The force on a single-turn 
rectangular coil is analyzed, and the magnitude of the 

Lorentz force on a biaxial scanning micro-mirror supported 
by two straight beams is calculated. The force dynamics in 
a constant magnetic field are illustrated in Fig. 3. 
 

 
Figure 2 The excitation signal drives the mirror to rotate along two axes 

 

 
Figure 3The excitation signal drives the mirror to rotate along two axes 

 
Consider the coil as a rectangular one, with the lengths 

of its upper and lower sides being l1, and those of its left 
and right sides also being l2. The magnetic induction 
intensity is denoted as B, with a direction at a 45° angle to 
the vertical. The magnetic induction lines are resolved 
along the upper and right edges of the rectangular coil. The 
forces exerted on each of the coil's upper, lower, left, and 
right sides are as follows: 
 

1 1sin45F iBl                                                                                    (1) 

 

2 1sin45F iBl                                                                                    (2) 

 

3 2sin45F iBl                                                                                    (3) 

 

4 2sin45F iBl                                                                                   (4) 

 
Eq. (1) to Eq. (4) indicate that the forces on the upper 

and lower sides of the rectangular coil are equal and 
opposite, and those on the left and right sides are as well. 
Consequently, F1 and F2 on the upper and lower sides will 
generate a torque T1, while F3 and F4 on the left and right 
sides will produce another torque T2. The magnitudes of T1 
and T2 can be determined as follows: 
 

1 2 2 2
1 sin45

2 2

F l F l
T iBS                                                          (5) 

 

3 1 4 1
2 sin45

2 2

F l F l
T iBS                                                          (6) 

 
where S represents the coil area. Eq. (5) and Eq. (6) reveal 
that T1 is directed outward and T2 inward. Energizing the 
coil results in identical torques on both the upper and 
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lower, and the left and right sides of the inner frame. 
Electromagnetically actuated MEMS mirrors in practical 
applications integrate multi-turn coils to generate 
substantial driving forces. Assuming the aforementioned 
coil is the innermost one, with uniform coil spacing of δ, 
and a total of N turns, the side lengths of the innermost coil 
are l1 and l2 respectively. The total driving torque can be 
calculated using Eq. (5) and Eq. (6): 
 

 total tot
0

1

1 2 1al 2sin45 2 ( 2 )
N

m

T T iB l N l N 




               (7) 

 
Eq. (7) shows that the torque is influenced by factors 

such as coil current intensity, magnetic induction intensity 
of the constant magnetic field, number of coil turns, and 
coil area. The coil integrated within the inner frame 
experiences a resultant torque with a known magnitude and 
direction. Given the coil's fixed connection to the inner 
frame, it effectively subjects the inner frame to a closing 
torque. 
 
2.2 Dynamic Model 
 

The drive coil experiences a torque due to the periodic 
variation of the constant magnetic field, which acts on the 
inner frame and causes the torsion beam connected to it to 
twist, thereby driving the reflector and the outer frame to 
twist. 

The torsional dynamic model is a standard mass-
spring-damping second-order vibration system [22, 23], 
described by the differential equation of motion: 
 

J C K T                                                                        (8) 
 
where J represents the rotational inertia of the                
micro-mirror, K denotes the torsional stiffness of the 
torsion beam, C is the system damping coefficient, T is the 
electromagnetic driving torque, and θ is the rotation angle 
of the micro-mirror. The structure of the torsion beam 
dictates the torsional stiffness K of the torsion beam, where 
T is related to the number of turns of the driving coil, the 
driving current, and the intensity of the external magnetic 
field, among other factors. Three points are selected on the 
micro-mirror to represent three types of motion, as 
illustrated in Fig. 4. 
 

 
Figure 4 Location of motion analysis points 

 

Let point 1 swing angle around the fast axis be θ, point 
2 be θ1, and point 3 be θ2 around the slow axis. Point 1 
represents the mirror surface, while points 2 and 3 
represent the inner frame. The inner frame is subjected to a 
torque, causing the micro-mirror to rotate along the slow 
axis. Since the inner mirror surface is not subjected to 
force, it rotates along the fast axis. The motion equations 
for points 1, 2, and 3 are as follows: 
 

 1 0J C K                                                                        (9) 

 

 1 1 1 1 1 1J C K K T K                                      (10) 

 

2 2 22 2 2J +C + K = T                                                   (11) 

 
where Ci is the damping coefficient for the ith point. 

Assuming the angular velocity as: 1   , 2 1   , 3 2  

,the aforementioned motion equations, expressed in the 
frequency domain, facilitate the construction of a transfer 
matrix between force, torque, and angular velocity: 
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  (12) 

 
The relationship between the velocities of Point 1 and 

Point 2 is derived from Eq.(12). The angular velocity of the 
endoscope surface around the fast axis differs from that of 
the inner frame. Due to mechanical constraints, the 
endoscope may lag or lead the inner frame in its motion. 
Although the driving coil does not directly apply force to 
the endoscope, the endoscope surface may exhibit a 
relative angular deviation from the inner frame. When the 
excitation signal meets certain criteria, the endoscope 
surface may also oscillate around the fast axis, a motion 
facilitated by the structure's inherent characteristics. Based 
on the principle of combined actuation by a 45° oblique 
magnetic field and a coil, when two sinusoidal signals at 
the resonant frequency are applied to the driving circuit 
interface, the superimposed driving torque is resolved into 
forces that cause rotations along the fast and slow axes. 
This is achieved through mechanical decoupling, enabling 
movements along both axes. 
 
2.3 Model Establishment 
 

The MEMS micro-mirror utilizes the torsion of a 
torsion beam to rotate the mirror surface. If the mirror is 
too thin, it may undergo deformation during torsion, 
compromising the optical performance of the micro-mirror. 
Therefore, specific requirements are imposed on the 
thickness of the micro-mirror. In this study, 500 μm thick 
anisotropic monocrystalline silicon is employed to 
fabricate the substrate of the MEMS micro-mirror using 
etching techniques. A dual straight beam supporting 
structure, distinct from the traditional single straight beam 
design, is developed. Both single straight beam and dual 
straight beam models are established. The torsion beams of 
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both structures have the same cross-sectional area, as 
illustrated in Fig. 5. 
 

 
Figure 5 Dual Beam and Single Beam Support Models 

 
The mapping method is employed to locally refine the 

mesh of the four torsion beams in the micro mirror, with 
the beam boundaries subjected to mesh division. Along the 
length of the torsion beams, 50 points are established, and 
10 points are set in the width direction, dividing the beams 
into 50 × 10 small hexahedral elements, with the mesh 
element size set to "fine." The simulation results are 
depicted in Fig. 6. 
 

 
Figure 6 Grid division of dual straight beam structure 

 
2.3.1 Structural Optimization of Beam Spacing 
 

For the dual straight beam supporting structure, the 
beam spacing influences both the rotation angle and 
scanning frequency of the micro mirror. To identify the 
optimal beam spacing that ensures micro mirrors with 
varying spacings deflect by the same angle, a simulation 
analysis is conducted in COMSOL. The beam spacing for 
the micro mirror with a dual straight beam supporting 
structure is set within the range of 0.05 - 0.2 mm. The 
micromirror is deflected 30° along the fast axis to simulate 
its resonance mode, as illustrated in Fig. 7. 
 

 
Figure 7 Relationship between beam spacing and maximum stress 

Fig.7 demonstrates that the beam spacing 
significantly affects the torsional stress, generally 
decreasing initially and then increasing. The stress is 
minimal when the beam spacing is 0.1 mm, which is thus 
selected as the optimal distance between the two beams. 
 
2.3.2 Structural Optimization of Beam Length 
 

If the torsion beam is excessively long, it results in 
insufficient beam stiffness, which lowers the scanning 
frequency of the micro-mirror. This reduces the                 
micro-mirror's resolution and scanning efficiency during 
three-dimensional scanning. Conversely, a beam that is too 
short leads to excessive stiffness, which in turn limits the 
micro-mirror's rotational angle and narrows its scanning 
range. The optimization method for beam length involves 
setting the beam width to 0.1 mm and analyzing torsion 
beam lengths ranging from 1 mm to 3 mm, with a 0.5 mm 
interval, to assess the impact of beam length on resonant 
frequency and scanning angle. The scanning angle θ is 
determined using the micro-mirror's displacement 
measured through simulation, according to the formula: 
 

arctan
h

l
                                                                    (13) 

 
where h represents the vertical rotational displacement and 
l the horizontal rotational displacement. The simulation is 
illustrated in Fig. 8. As the beam length increases, the 
scanning frequency rises and the scanning angle narrows. 
For a 2 mm torsion beam length, a better resolution and 
wider scanning angle justify its selection. 
 

 
Figure 8 Relationship between beam length and scanning frequency and 

scanning angle 
 
2.3.3 Structural Optimization of Beam Width 
 

Similar to the impact of beam length on stiffness, an 
excessively wide torsion beam can lead to excessive 
stiffness, which in turn affects the rotational angle of the 
micro scanning mirror; an excessively narrow beam can 
result in insufficient stiffness, thereby reducing the 
scanning frequency of the micro mirror. This, in turn, 
diminishes the micro mirror's resolution and impairs the 
scanning quality during three-dimensional scanning 
patterns. The optimization of beam length involves setting 
the beam length to 2 mm and analyzing torsion beam 
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widths within the range of 0.1 mm to 0.3 mm, with an 
interval of 0.05 mm. The simulation results are depicted in 
Fig. 9. As the beam width increases, the scanning 
frequency gradually rises and the scanning angle 
progressively decreases. At a beam width of 0.2 mm, the 
scanning angle is relatively large. Beyond 0.2 mm, while 
the scanning frequency continues to rise steadily, the 
scanning angle drops sharply. Consequently, the beam 
width is chosen to be 0.2 mm. 
 

 
Figure 9 Relationship between beam width and scanning frequency and 

scanning angle 
 

The dimensions of the micro mirror designed in this 
study are: a mirror size of 5 × 5 × 0.5 mm, a torsion beam 
length of 2 mm, a torsion beam width of 0.2 mm, and a 
spacing of 0.1 mm between the two torsion beams. 
 
3 METHODS AND EXPERIMENTS 
 

Two micro-mirrors were chosen for simulation 
analysis: one with a beam size of 2×0.2×0.5mm (beam 
spacing of 0.1mm) and another with a single beam 
structure and a beam size of 2×0.4×0.5mm. The 
performance of these micro-mirrors was compared, 
focusing on the advantages of the dual beam micro mirrors. 
 
3.1 Modal Analysis 
 

Utilize the "steady state, eigen frequency" study 
feature in COMSOL Multiphysics finite element 
simulation software to analyze the first six modes of both 
dual straight beam supported micro mirrors and single 
straight beam supported micromirrors. Refer to Fig. 10 and 
Fig. 11 for the corresponding results. 
 

 
Figure 10 The first sixth-order mode of micro-mirror with dual beam structure 

 
Figure 11 The first sixth-order mode of micro-mirror with single beam structure 

 
The rotation around the slow axis is depicted in            

Fig. 10a as the first-order mode, while the rotation around 
the fast axis is illustrated in Fig.10d as the fourth-order 
mode. Tab. 1 presents the modal simulation data for            
micro-mirrors with dual and single straight beam structures, 
as derived from Fig. 10 and Fig. 11. 
 

Table 1 Resonant frequency analysis data  
Structure type Scanning direction  Resonant frequency / Hz 

Dual beam 
fast axis 4397 
low axis 422.3 

Single beam  
fast axis 3371 
low axis 313.4 

 
The resonance frequencies of the fast and slow axes for 

the dual straight beam supporting micro-mirrors are              
4.397 kHz and 422.3 Hz, respectively. In comparison, the 
single straight beam supporting micro-mirror has 
resonance frequencies of 3.371 kHz for the fast axis and 
313.4 Hz for the slow axis. The difference in resonance 
frequencies between the fast and slow axes is more 
pronounced in the dual straightbeam support configuration 
than in the single straightbeam support. Additionally, the 
crosstalk in the dual straight beam supporting micro-mirror 
is reduced, and its fast-axis resonance frequency is higher. 
Consequently, during three-dimensional scanning, this 
structure exhibits enhanced resolution and scanning 
performance. 
 
3.2 Harmonic Response Analysis 
 

To examine the correlation between the amplitude and 
frequency of a mirror rotating around an axis, a harmonic 
response analysis of the mirror is essential. Given the 
intricate interplay of the electric field, magnetic field, and 
solid mechanical field, the harmonic response analysis 
employs the torque derived from Eq. (7) to introduce a 
harmonic disturbance load to the internal frame of the solid 
mechanical field for analysis. The torque specified in Eq. 
(7) is influenced by factors such as the number of coil turns 
and spacing. Due to spatial constraints within the inner 
frame, integrating a multi-turn coil is challenging; hence, a 
torque of 2.5 × 10−2 Nꞏm is adopted in this study. A 
harmonic disturbance load is imposed on the internal frame 
within the solid mechanics field across a frequency range 
from 0 to 5500 Hz. To elucidate the relationship between 
rotation amplitude and frequency response, two specific 
points, A and B, in Fig. 12 were selected for investigating 
the connection between their Z-axis displacement and 
frequency response. 
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Figure 12 Positional relationship between two points A and B 

 
The movement of point A along the Z-axis 

corresponds to the rotation of the micro mirror around the 
fast axis, while the movement of point B along the Z-axis 
corresponds to the rotation of the micro mirror around the 
slow axis. Refer to Fig. 13 for the frequency response curve. 
 

 
Figure 13 Harmonic response curve of dual straight beam structure 

 

 
Figure 14 Harmonic response curve of single straight beam structure 

 
The maximum angles of rotation along the fast and 

slow axes for the two micro-mirrors structures are 
determined based on the displacement data using Eq. (13). 
As shown in Tab. 2. 
 

Table 2 Resonant frequency analysis data 

Structure type 
Scanning 
direction  

Maximum 
displacement / mm 

Maximum 
angle / ° 

Dual beam 
fast axis 1.5 31.0 
low axis 3 50.2 

Single beam  
fast axis 1.2 25.6 
low axis 2.6 46.1 

The data presented in Tab. 3 and Tab. 4 demonstrate 
that the dual straight beam supporting the micro-mirror 
achieves a maximum resonant displacement of 1.5 mm 
along the fast axis, with a corresponding maximum 
deflection angle of 31.0°. Along the slow axis, the 
maximum resonant displacement reaches 1.2 mm, with a 
maximum deflection angle of 25.6°. These results indicate 
superior harmonic response compared to the straight beam 
supporting structure, resulting in a broader scanning range. 
 
3.3 Ultimate Stress 
 

Increased rotation angle of the micro-mirror leads to 
higher stress on the torsional beam. To prevent torsional 
beam fracture resulting from stress surpassing the 
maximum stress of single crystal silicon, which could lead 
to device structure failure, stress analysis of the            
micro-mirror is essential. The ultimate stress of dual and 
single straightbeam micro-mirror structures was simulated 
and calculated under identical deflection angles. By 
applying a displacement of 0.90 mm in opposite directions 
to both sides of the mirror along the fast axis and to both 
sides of the inner frame along the slow axis, the torsion 
angle of the micro-mirror was simulated along both axes, 
as depicted in Fig.15. 
 

 
Figure 15 Stress distribution of dual and single beam structures with the same 

deflection angle  
 

The stress distribution data for the micro-mirror beams 
in both dual and single straight beam structures can be 
derived from Fig. 15 and is presented in Tab. 3. 
 

Table 3 Maximum stress on torsion beam 

Structure type 
Scanning 
direction  

Maximum stress of torsion 
beam / GPa 

Dual beam 
fast axis 2.21 
low axis 1.13 

Single beam  
fast axis 2.56 
low axis 1.39 

 
The stress distribution analysis of the micro-mirror 

supported by dual straight beams, as presented in Tab. 5 
and Tab. 6, reveals that rotation around the fast axis results 
in stress concentration on the inner torsion beam, reaching 
a maximum of 2.12 GPa. Conversely, rotation around the 
slow axis induces stress distribution on the outer torsion 
beam, peaking at 1.13 GPa. In comparison to the single 
straight beam configuration, the maximum stresses 
observed are 2.56 GPa and 1.39 GPa for fast and slow axis 
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rotations, respectively. Consequently, the stress reduction 
for fast axis scanning is 17.2%, and for slow axis scanning 
is 18.7%, relative to the single straight beam structure, 
under equivalent micro-mirror deflection. 
 
4 CONCLUSION 
 

In response to the issues of high stress, small scanning 
angle, and insufficient frequency response in single 
straight beam MEMS micro-mirrors, this study proposes a 
novel electromagnetic-driven dual straightbeam MEMS 
micro-mirror. This design achieves high-frequency 
resonance and large-angle scanning while meeting the size 
requirements of optical systems. Simulation results show 
that compared to the traditional single straightbeam 
structure, the stress on the MEMS dual straightbeam 
supported micro-mirrors during fast and slow-axis 
scanning is reduced by 17.2% and 18.7%, respectively. The 
scanning angle at maximum deflection displacement is 
increased by 21.09% and 8.89%, and the resonance 
frequency is increased by 30.43% and 34.74%. The 
research findings indicate that: (1) The dual straightbeam 
structure effectively reduces stress during large angle 
deflection, enhancing the reliability and durability of the 
micro-mirror. (2) The dual straight beam micro mirror 
exhibits superior harmonic response and a larger                 
field-of-view scanning range on both axes. (3) Compared 
to the single straightbeam structure, the dual straightbeam 
structure has a significantly larger difference in resonance 
frequency between the fast and slow axes, with minimal 
crosstalk, and a higher fast-axis resonance frequency, 
which is beneficial for improving the resolution and 
performance of three-dimensional scanning. The proposed 
design's enhancements in mechanical deflection 
performance, reduction in crosstalk, and improvement in 
scanning capability position it as a promising candidate for 
advanced optical systems. Future work should focus on 
experimentally verifying these simulation results and 
exploring potential applications in fields such as laser 
scanning and optical communication. 
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