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Abstract

:

A model-based design allows representing complex, multi-domain systems as interconnected functional blocks, yielding graphical, intuitive information about the overall project, besides simplifying simulation. This work proposes using the modular approach as an optical engineering design and educational tool for developing paraxial ray optics setups, providing further integration with mechatronics subsystems and control loops. An expanded version of the ABCD transfer matrix modeling is implemented in MATLAB Simulink environment to simultaneously perform ray tracing and dynamic simulations. The methodology is validated for different problems, including paraxial cloaking, transmission through a multimode optical fiber, a Fabry–Perot interferometer, and an optical pickup with automatic focus, yielding reliable results with prospective applications in optical engineering design and for creating virtual labs devoted to multiphysics and mechatronics engineering courses.
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1. Introduction


A model-based design allows describing complex, multi-domain systems as interconnected modules that represent components of the overall project. In a mechatronics concept, mechanical, electrical, and magnetic subsystems communicate through input/output signals from sensors, actuators, control loops, and artificial intelligence. This approach simplifies the model identification and evaluation, and can be used to validate the system response to several inputs [1]. Simulation is also beneficial to the e-learning experience: virtual labs provide a feasible environment for testing analytical projects, besides reducing the time and infrastructure costs demanded by physical experiments [2,3].



Regarding the development of optical systems, typical examples of multi-domain implementations comprise beam monochromators [4], auto-focusing systems for imaging and disk readers [5], 3D scanners [6], and optoelectronic transducers [7]. Apart from wave, electromagnetic, and quantum optics approaches, geometrical optics is a straightforward and simpler way for tracing the light path in terms of successive transmission, reflection, and refraction, with notable applications in imaging systems [8], illumination [9], optometry [10], and computer graphics [11].



Although a variety of commercial and open-source software for ray tracing is currently available [12,13,14], integrating multiple physical domains into a unique simulation environment is still a challenge, especially regarding implementations in optomechatronics, wherein the optical system must be updated in response to the stimuli from the electromechanical module, while the information provided by the optical setup is applied as a feedback to the control loop. Moreover, the computer program should be accessible and easy-to-use, present a graphical programming interface that resembles the physical placement of components, and communicate with third-party applications.



In this sense, using MATLAB (Mathworks) or LabVIEW (National Instruments) is a convenient way to adapt custom-made ray optics functions to the available multi-domain models, with perspectives for real-time and hardware-in-loop implementations. For instance, script-based MATLAB libraries were proposed to evaluate paraxial optical systems [15,16], whereas in [17], the Simulink environment was applied to compute the mechanical response. At the same time, light trajectory is displayed using CODE V (Synopsys). Concurrent calculations in the optical, electrical, and mechanical domains were also carried out by Simulink for designing micro-scale devices [18] and telescopes [8], the latter communicates with external ray tracing software. Furthermore, control and tracing were conceived with LabVIEW to operate an instrumented testbed for aerospace applications [19]. Alternatively, one may use the Delano diagrams to evaluate power density and depict ray tracing in a compact notation that contains the comprehensive information provided by Gaussian optics without showing the explicit placement of optical components [20,21]. Despite the available works, a consolidated modeling and visualization environment for optical and multi-physical design is still required to fulfill the optical engineering design and educational purposes.



This paper proposes using MATLAB Simulink to develop model-based 2D paraxial optical and optomechatronics systems in unique software. Ray tracing is performed using the optics transfer matrices, wherein the position and orientation of light rays vary over time according to the simulation results for dynamically updating the tracing profile. Moreover, programming is facilitated by graphical language since the optical components are presented as functional blocks, wherein the interface with mechanical and electrical domains is settled with appropriate transducers. Using such a unified simulation environment is simpler than integrating different visualization and data processing software; besides, it is suitable for developing closed-loop projects that involve dynamic interaction between the electromechanical and optical parts. The main objective is to provide the bases for establishing virtual labs in physics and engineering design rather than conceiving intricate projects as in the aforementioned works; nevertheless, it can be used by researchers to develop and validate basic optical systems.




2. Ray Transfer Matrix


According to the theory of ray optics, light propagating in yz-plane along z-direction is described by its height y and orientation θ. For small angles (sin θ ≈ θ), rays can be treated by the paraxial approximation so that the correlation between output and input light due to an optical element is given by a linear system. The response of complex optical systems can be obtained by concatenating 2 × 2 ABCD matrices of each basic component like continuous media, mirrors, and lenses.



Instead of using the [y θ]T convention from matrix optics, a 3 × 1 light array structure y = [y θ z]T is used to include the position z for tracing purposes. The input ray yn subjected to an optical component described by a 3 × 3 transfer matrix Mn+1,n and a 3 × 1 translation vector tn+1,n yields the output yn+1,


    y   n + 1   =  [       y  n + 1          θ  n + 1          z  n + 1        ]  =   M   n + 1 , n     y  n  +   t   n + 1 , n   =  [     A   B   0     C   D   0     0   0   1     ]   [       y n         θ n         z n       ]  +  [     0     0     E     ]  ,  



(1)




A, B, C, and D are the elements of the standard ray transfer matrix, and E updates the output ray position zn+1, as shown in Figure 1. The optical component [M,t]n+1,n represents the transformation from the state n to a subsequent state n+1. Although concatenating components is not mathematically straightforward as in conventional ABCD matrices, the modular design approach allows building and connecting subsystems similarly to block diagrams. For example, in Figure 1c, y3 is obtained from y1 by calculating y3 = [M,t]3,2[M,t]2,1y1 which is analogous to the traditional matrix optics procedure.



Recalling the paraxial approximation, developing M and t follows the same procedure of conventional ray optics. Coefficients for selected optical elements are given in Table 1, but complementary examples of ABCD matrices are found in textbooks [15,22]. It is worth noticing that element E is non-zero only for transmission through a medium or thick component, incrementing the z value.




3. Implementation


Simulations are carried out with MATLAB Simulink, but similar models can be implemented using other graphical programming software like LabVIEW and Scilab Xcos (ESI Group). Signals vary over time t(m) and are accessed by their array index m ≤ M, wherein size M defines the duration of the simulation, so optical signals yn(m) = [yn(m) θn(m) zn(m)]T are characterized by 3 × M arrays. Components are arranged as masked subsystems that connect input and output rays. Creating additional ports is also useful to modulate parameters such as the length d, i.e., optical components can move during the simulation due electromechanical command and update the values of [M,t]n+1,n matrices to perform multi-domain, dynamic analyses. Furthermore, time-varying signals at the n-th stage yn(m) can be monitored by scopes or displays.



The input light can be eventually split into refracted and reflected rays by devices like interfaces. Since designed function blocks do not allow multiple inputs, it is necessary to replicate part of the optical system to evaluate the deviated light path. Evidently, E must be negative in (1) if the ray travels toward −z-direction, as in the reflection by a mirror.



As for ray tracing, an alternative consists of exporting the N optical signals to the workspace of MATLAB instead of using Simulink charts. For a given time index m, one may plot the height y(m) = [y1(m) y2(m) … yN(m)] as a function of position z(m) = [z1(m) z2(m) … zN(m)] and vary the height or orientation of input light to investigate the profile of paraxial rays. Nevertheless, it is possible to display the simulation output through Delano diagrams to exhibit the first-order optics parameters in a compact form [21].



An example of simple refraction and reflection at the boundary between two media of refractive indices n1 and n2 is illustrated in Figure 2a. Incident (y0), refracted (y3), and reflected (y5) rays travel by distances d1, d2, and d3, respectively, so that orientation angles are dictated by the Snell’s law. The block diagram of Figure 2b is easily implemented as the Simulink model depicted in Figure 2c, wherein the subsystems evaluate (1) with their respective coefficients.




4. Results and Discussion


This section presents didactic examples of how to use the model-based design for simulating different types of optical systems.



4.1. Paraxial Cloaking


Paraxial optical cloaking [23] is an ingenious application of geometrical optical design. If the overall ray transfer matrix is equivalent to the transmission through a constant refractive index medium, regions enclosed by the system optics are perfectly cloaked, and objects placed inside these spaces do not affect the output light, becoming invisible. Such a condition is achieved with a four-lenses setup, Figure 3a, in which focal lengths and path distances must satisfy d1 = f1 + f2 and d2 = 2f2 (f1 + f2)/(f1 − f2) for f1 = f4, f2 = f3, and d1 = d3.



The system model is implemented using eight optical elements as depicted in Figure 3b, assuming 50 mm diameter, thin lenses for the sake of simplicity. As proposed in [23], for f1 = f4 = 200 mm and f2 = f3 = 50 mm, distances d1 = d3 and d2 must be 250 and ~167 mm, respectively. For visualization purposes, the model also includes free-space transmissions of length d0 = d4 = 200 mm for input and output rays. Static simulations carried out by scanning the input height within −20 ≤ y0 ≤ 20 mm provides the ray tracing profile shown in Figure 3c, which evidences the cloaked region for 200 ≤ z ≤ 800 mm. As the rays are vertically confined to −5 ≤ y0 ≤ 5 mm, objects strategically placed between lenses f1 and f4 do not block the passage of light, i.e., y8 and θ8 remain unchanged in relation to y1 and θ1, respectively, and the optical system approximates a transmission element. Results are comparable to the ray tracing simulations conducted with CODE V software depicted in [23], but differ because the latter uses achromatic doublets instead of thin lenses and also computes aberrations. Nevertheless, function blocks can be simply permuted in the system model to simulate practical optical elements and achieve a more realistic analysis.




4.2. Optical Fiber


In an optical fiber, light travels through the core region and confined by total internal reflection (TIR) at the core-cladding interface. Transmission in multimode fibers can be treated by geometrical optics approach [24]; despite its simplicity, such model is useful for demonstrating basic concepts such as the effect of fiber geometry and material on light coupling and transmission [25], estimating waveguide losses [26], and modeling fiber sensors [27].



Consider a fiber with core and cladding radii a and b, respectively, wherein refractive indices of surrounding medium, core, and cladding are n0, n1, and, n2, respectively, as illustrated in Figure 4a. Input light refracts at the air-core interface (n0 < n1) and travels in the yz-plane as a meridional ray with orientation θ1 = θ2 along the distance d2 = a/θ1 (skewed rays are neglected in this model) until it reaches the core-cladding boundary (n1 > n2). In the case of total internal reflection, light is totally reflected with θ3 = −θ2 and confined inside the core with consecutive transmissions along with d4 = 2a/θ3 and d6 = 2a/θ5. The TIR condition is only achieved if the orientation of input ray θ1 is smaller than a maximum entrance angle θi, where NA = n0 sin θi = (n12 − n22)1/2, NA is called the fiber numerical aperture [24].



The implemented model is shown in Figure 4b assuming only two reflections for clarity, with y0 = 0 and 2° ≤ θ0 ≤ 5°. As the core-cladding interface is parallel to z-axis, the reflection ABCD matrix must be adjusted to D = −1 to correct the orientation of output light. Even though rays refracted into the cladding violate the paraxial approximation, the TIR condition can be verified by testing if θ2 ≤ θmax = π/2 − θc, where θc = sin−1(n2/n1) is the critical angle [24]. Static simulations were conducted with a = 25 µm, b = 62.5 µm, n0 = 1, n1 = 1.475, and n2 = 1.460, so the fiber numerical aperture is NA = 0.21, yielding θi = 12.11° and θmax ≈ 8.18°, corroborating the analytical model. Ray tracing results for different orientations are plotted in Figure 4c, for example, θ0 = 5° produces θ2 = 3.39°, satisfying the TIR. Besides, the fact of the light rays experience particular traveling times through the fiber is useful to introduce the modal dispersion among low-order and high-order modes, i.e., rays propagating straight or at steeper angles, respectively. Such a phenomenon is the limiting factor in the information transmission capacity of multimode fiber systems and results in a high bandwidth-distance product value [24].




4.3. Fabry–Perot Interferometer


A typical Fabry–Perot interferometer (FPI) is comprised of a pair of planar mirrors with reflectivity r that traps the incident ray (orientation θ0) inside a cavity of length d and refractive index n, promoting successive reflections as shown in Figure 5a. The light transmitted by the mirror is collected with a thin lens and focused on a photodetector for assessing the output light intensity I. Interference cannot be evaluated merely by geometrical optics; alternatively, one may determine the light confinement using ray tracing and calculate I by wave optics approach,


  I =      I 0   /     (  1 − r  )   2      1 +    (    2 F  / π   )   2  sin (  ϕ / 2  )    



(2)




I0 is the input intensity, F = π r1/2/(1 − r) is the resonator finesse, and φ = 4πnd/λ is the phase difference, where λ is the wavelength [22]. The high sensitivity to n, d, and λ makes the FPI applicable for chemical and displacement sensing [28], as well as an optical filter or spectrum analyzer [29].



The FPI surrounded by the air (n0 = 1.00) is modeled as depicted in Figure 5b, neglecting the thickness of mirrors and using a thin lens with f = 20 mm. Distances are set to d1 = 10 mm and d2 = 20 mm. To investigate that the effect of the cavity refractive index n, simulations are carried out with r = 0.9, λ = 1 μm, d = 10 mm, and 1.00 ≤ n ≤ 1.40. Ray tracing results with y0 = 5 mm and θ0 = −5°, Figure 5c, indicate that the incident light undergoes multiple reflections inside the cavity while the output paraxial rays are appropriately focused on the observation plane of the photodetector, as predicted by the analytical model. Moreover, scanning the FPI response for different n reveals the expected normalized intensity profile. Analogous tests could be performed to examine the contribution of d or λ. Furthermore, this study suggests that optics models belonging to different approaches can be coupled using the modular strategy and run into a unique simulation environment.




4.4. Automatic Focusing System


Ultimately, to demonstrate the application of the ray optics model in a multi-domain simulation, an automatic focusing system is designed, as shown in Figure 6a. This setup is analogous to an optical pickup head used in disk readers: the input beam emitted by a laser source is expanded (f1), collimated (f2), and then focused with an objective lens (f3) at the surface of a reflective target, whereas the reflected light is further directed to the photodetector by a beam splitter (BS) [5]. If the target displaces along z-direction by δ, the position of the objective lens must be compensated to keep the beam focused, which can be accomplished by a translational stage driven by servo motor that moves the lens along the z-axis. Besides its traditional application, prospective uses for this system encompass mechanical sensors [30] and tweezers for single-cell trapping [31].



The system is modeled by a set of three thin lenses, Figure 6a. Although the optics for light detection is not considered for simplicity, it is presumed that the distance between the objective and the target surface d3 is estimated from the photodetector signal. The objective is mounted on the motorized stage and displaced by zS. The linear actuator is modeled as a permanent-magnet DC motor (armature resistance R and inductance L, electrical constant κ, and mechanical coupling ratio α) that produces a force FS required to move the working load (equivalent mass m and damping b). The servo system is implemented by proportional-integral (PI) controllers forming an internal velocity loop and an outer position loop (current controller and electric motor drive are omitted). Therefore, if the target is displaced by δ, the position of the objective must be compensated by d2 = d2,0 + zS and d3 = d3,0 + δ − zS to adjust the focus, where d2,0 and d3,0 are the initial path lengths and zS is set by the electromechanical servo control.



Simulations are carried out according to the block diagram depicted in Figure 6b, using Runge-Kutta solver and time step of 10−5 s. Optical system is built with d0 = d1 = d3,0 = 50 mm, d2,0 = 200 mm, f1 = −50 mm, f2 = 100 mm, and f3 = 50 mm. The motor has R = 33 Ω, L = 0.6 mH, rated voltage of 6 V, and rated speed of 2.3 mm/s, yielding κ = 2.6 × 103 V.s/mm [32], whereas the linear stage has m = 0.3 kg, b = 0.02 N.s/m, and α = 103. Initially, the electromechanical system is simulated separately for tuning the PI controllers to achieve a rise time <0.1 s, stationary error <1%, and guarantee a speed controller (inner loop) faster than the position one (outer loop). Subsequently, the optical model is coupled with the system mechanics for evaluating the focus correction.



As shown in Figure 6c, for the system disturbed with an abrupt displacement of 10 mm at 0.2 s, the linear stage position signal zS follows δ to correct the distance d3 and compensate d2. Monitoring the height y7 of output ray y7, Figure 6d, indicates that the light is initially deviated at 0.2 s due to δ, then the control loop adjusts y7 to 0 (focusing on the target surface) in less than 0.1 s with a negligible steady-state error. Ray tracing for y0 = ±10 mm and θ0 = 0 is presented in Figure 6e at 0 s (initial condition, similar to the depicted in [5]), 0.2 s (disturbance), 0.21 s (regulation), and 0.5 s (final position), wherein the automatic focus is evidenced: firstly, the target departs from its original position and defocus the light, then, the objective moves toward +z until the height of output rays become zero, indicating that the focus was restored.



The modular project allows for refining or changing the controllers to enhance the system performance, whereas the electrical and mechanical modules can be replaced by more realistic approaches to meet the implementation requirements. Another possible application is the design of three lenses zoom system, in which one lens is fixed, whereas the other two elements are moved to adjust the focal length (magnification) without changing the image plane [33]. The strict requisites of settling time and overshoot demand sophisticated control strategies for displacing the two lenses simultaneously [34]; therefore, the proposed model-based design tool is convenient for implementing control loops and evaluating the results in terms of ray tracing through a unique simulation environment.





5. Conclusions


The model-based design was validated as a useful tool to build and simulate paraxial optics systems from pure-optical to multi-domain optomechatronics projects. Ray tracing can be combined with dynamic simulations to move lenses and mirrors and perform precise focus control. Moreover, multiple rays as in resonators can be split into branches and computed simultaneously. Therefore, starting from a very basic model, students and professionals can integrate several subsystems to upgrade their simulation and achieve practical and realistic analyses, whereas the modular approach allows for exchanging parts of the system to update its functionalities without modifying the overall project.



Despite the promising results, this methodology is currently restricted to paraxial geometrical optics models, i.e., extreme bending of light rays will probably yield inaccurate tracing, whereas important phenomena, such as diffraction, interference, and attenuation, cannot be represented with this proposal so that eventual deviations may occur regarding the experimental realization of the optical systems. Besides, most commercial, dedicated solutions integrate wave and Gaussian optics simulations with the ray tracing analyses, which is crucial for the optimization of optical systems. Nevertheless, one can develop blocks for non-paraxial optical elements, as well as additional functions for establishing an interface between ray and wave optics. Further studies will focus on such improvements to create a more versatile, simple, and feasible multi-domain environment for simulating optical systems.
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Figure 1. Modeling optical systems: (a) matrix optics notation; (b) expanded transfer matrix; (c) concatenated optical elements. 
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Figure 2. Modeling refraction and reflection between two media of refractive indices n1 and n2: (a) ray optics representation; (b) transfer matrix model; and (c) implementation in MATLAB Simulink. 
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Figure 3. Paraxial cloaking: (a) ray optics representation (adapted from [23]); (b) matrix optics model, T and L are transmission and thin lens components, respectively; (c) ray tracing obtained by simulation for −20 ≤ y0 ≤ 20 mm and θ0 = 0°, cloaked region is evidenced for 200 ≤ z ≤ 800 mm. 
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Figure 4. Transmission through multimode optical fiber: (a) ray optics representation; (b) matrix optics model, S is refraction and R is reflection component; (c) ray tracing obtained by simulation for y0 = 0 and 2° ≤ θ0 ≤ 5°. 
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Figure 5. Fabry–Perot interferometer: (a) ray optics representation where PD is a photodetector (multiple reflections are omitted for clarity); (b) matrix optics model and block diagram; (c) ray tracing obtained by simulation for y0 = 5 mm, θ0 = −5°, and 1.00 ≤ n ≤ 1.40 (refractive index values in the legend); and (d) normalized intensity around n = 1.30. 
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Figure 6. Optical pickup head with automatic focus control: (a) ray optics and mechatronics representation (adapted from [5]); (b) matrix optics model and block diagram, PIz and PIv are position and speed controllers, respectively, and s is the Laplace variable; effect of focus compensation on (c) displacement zS and (d) ray height y7; and (e) ray tracing obtained by simulation for y0 = ±10 mm and θ0 = 0, the bottom plots show the output beam position at different times. 
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Table 1. Coefficients of M and t for selected optical elements [22].
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	Element
	Coefficients
	Notes





	Transmission through a medium
	         A = 1     B = d                C = 0     D = 1     E = d         
	d is the path length. Refractive index of the medium is constant.



	Refraction at a planar interface
	         A = 1     B = 0                C = 0     D =  n 1  /  n 2      E = 0         
	n1 and n2 are the refractive indices of incident and refracting media, respectively. yn is perpendicular to the interface.



	Reflection at a planar interface
	         A = 1     B = 0                C = 0     D = 1     E = 0         
	yn is perpendicular to the interface.



	Thin lens
	         A = 1     B = 0                C = − 1 / f     D = 0     E = 0         
	f is the focal length (positive for convex and negative for concave lens). yn is perpendicular to the interface.
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