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Abstract

:

We report a multi-mode compact microscope (MCM) for high-contrast and high-resolution imaging. The MCM consists of two LED illuminations, a magnification lens, a lift stage, and a housing with image processing and LED control boards. The MCM allows multi-modal imaging, including reflection, transmission, and higher magnification modes. The dual illuminations also provide high-contrast imaging of various targets such as biological samples and microcircuits. The high dynamic range (HDR) imaging reconstruction of MCM increases the dynamic range of the acquired images by 1.36 times. The microlens array (MLA)-assisted MCM also improves image resolution through the magnified virtual image of MLA. The MLA-assisted MCM successfully provides a clear, magnified image by integrating a pinhole mask to prevent image overlap without additional alignment. The magnification of MLA-assisted MCM was increased by 3.92 times compared with that of MCM, and the higher magnification mode demonstrates the image resolution of 2.46 μm. The compact portable microscope can provide a new platform for defect inspection or disease detection on site.
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1. Introduction


Low-cost and miniaturized microscopes provide various functional roles in applications ranging from disease diagnostic [1,2,3], food monitoring [4,5], and biological research [6,7]. Portable microscopic imaging systems are also useful for point-of-care testing (POCT) or remote health care systems [8,9]. Recently, low-cost, compact microscopes that are capable of not only COVID-19 screening but also live cell imaging have been introduced [6,10]. However, miniaturized microscopes often have obstacles regarding imaging performance, such as low-image-contrast and low-spatial-resolution due to the limitations of optical power [11]. To address these limitations, a microscope with functional illuminations and image processing techniques has been introduced to acquire high-contrast and high-resolution images [12,13]. Illuminations, such as LED arrays and smartphone displays, allow for the acquisition of various contrast images, and these images are improved with image reconstruction [14,15]. Moreover, a laser diode is used in fluorescence imaging applications, which additionally require a filter to distinguish between emission light and noise [16].



The miniaturized microscope exhibits various imaging applications imaging such as fluorescence [16,17,18], dark-field [19,20], and phase-contrast imaging [21,22]. The portable microscopic systems are mostly equipped with an additional lens and light-emitting diode (LED) illumination on a smartphone or a compact camera to implement functional magnified imaging. The smartphone-based microscopes have compact and portable, whereas the systems often lack a lift stage for fixing and focusing a sample. Such portable microscopes can be classified into a transmission type and a reflection type microscope according to image acquisition methods. Transmission-type optical microscopy can detect a microstructure through the light on the back of a sample [23,24,25], but this approach can only observe transparent samples such as sectioned biological specimens. Reflection optical microscopy can capture a microscopic image by using reflected light from a sample [11,26]. However, the reflected light microscopy acquired low-contrast images when observing a transparent sample due to low reflection signals.



Solid immersion lens (SIL) microscopy is a technique to increase spatial resolution by placing a high-refractive-index hemisphere or microsphere on a target object [27,28]. The SIL technique offers a high numerical aperture (NA), high magnification, and high resolution by efficiently collecting light [29,30]. However, the SIL requires highly precise alignment between the target and solid material, such as a microsphere, to observe desired locations. A precision stage is mainly used for positioning the solid material; thus, the whole system becomes bulky.



Here we report a multi-mode compact microscope (MCM) for high-contrast and high-resolution imaging, as shown in Figure 1a,b. The MCM features ring-type lighting on the top surface, an imaging module, a compact lift stage, and bottom LED illumination. The image-capturing module consists of an objective lens and image sensor (Sony 8MP IMX 219 sensor, pixel size: 1.12 μm × 1.12 μm, 30 fps). As shown in Figure 1c, a compact microscope housing mounts all components, including a processor board (Raspberry Pi 4 Model B) for image processing and a customized circuit board for illumination control. The total cost to configure the MCM is about USD 300, and this cost is reasonable compared to other low-cost microscopes that require a smartphone. The focused image can be adjusted by positioning a sample location with the lift stage. The LED illumination controls allow assorted microscopic imaging, and high dynamic range (HDR) reconstruction offer high-contrast images. The processed images are transmitted to an external monitor. The resolution and magnification of the MCM were increased through a virtual magnified image of a microlens array (MLA). The object is magnified through a single virtual image captured by two lenses in reflection and transmission modes, whereas the MLA generates an additional virtual image and enlarges the image in a higher magnification mode, as shown in Figure 1d,e.




2. Optical Characterization of MCM


The imaging performance of MCM was analyzed by using a USAF 1951 resolution test target. The USAF 1951 resolution test (MIL-STD-150A) is a standardized method for verifying microscopic resolution [31,32]. Figure 2a,b exhibit the captured negative and positive USAF 1951 targets through the bottom illumination. The MCM shows an imaging area of 6090 μm × 5950 μm and a magnification of 2.15×. In order to clearly observe detailed patterns in the center area of the USAF 1951 target, the captured images were magnified through digital zoom. As a result of analyzing the intensity profiles of the target patterns in the magnified images, the MCM clearly observes group 7 element 1, which means that the resolving power of MCM achieves 3.91 μm, as shown in Figure 2c,d.



The modulation transfer function (MTF) of the captured images was analyzed in a transmission and reflection light microscopy mode through the slanted-edge method (ISO 12233) for detailed comparisons, as shown in Figure 3a. The slanted-edge method offers MTF values corresponding to the spatial frequency by analyzing the pixels in a user-defined region of an image [33]. The experimental results show that the spatial frequency corresponding to MTF 50 of the reflection light mode using the top light exhibits 135 lp/mm in the negative target, which is a slightly higher value compared to the transmission light mode of 123 lp/mm. As shown in Figure 3b, the MTF values were also analyzed by using the analysis method of thru-focus MTF according to the target distances to observe the imaging depth of field. The images were captured by changing the position of the object through the z-axis stage, and the MTF was calculated at the spatial frequency of 50 lp/mm. As a result, the images captured at distances of about ±15 μm show the MTF above 0.2. This means that the depth of field of the MCM objective lens is 30 μm.




3. Multi-Illumination for High-Contrast Imaging


Various targets were captured in different lighting environments for multi-illumination imaging, as shown in Figure 4a. Figure 4b,c show stratified squamous epithelium and cardiac muscle cells from mice captured in the transmission light mode. The transmission optical microscopy mode using the top illumination can be used for biomedical research and disease diagnosis because this mode is effective for observing transparent specimens. Figure 4d exhibits gold wires bonded on an image sensor chip, and Figure 4e shows an SMD capacitor mounted on a printed circuit board (PCB). The reflection light microscopy mode can efficiently observe the defects of soldering interconnection on circuit boards in resource-limited areas. A dual illumination mode that simultaneously implements the bottom and top illuminations was compared with a bottom single illumination mode. The experimental results show that the single illumination modes offer low-contrast images that are difficult-to-distinguish leaf hairs, as shown in Figure 4f,g. On the other hand, the dual illumination mode clearly observes leaf hairs due to the additional reflection lights of the top illumination with a different color, as shown in Figure 4h. These results indicate that the dual illumination mode provides high-contrast imaging in complex 3D structures.



Dark-field microscopy was demonstrated by using the MCM with a dark-field stop on the bottom illumination, as shown in Figure 5a. The central light that directly illuminates a sample is blocked by a dark-field stop, and the outer light is reflected by the slide and transmitted to the sample. The reflected light is scattered on the sample, and the objective lens collects the scattered light. Figure 5b,c show the dark-field microscopic images of yeast and sugar captured through the dark-field compact microscope. The background appears black because scattered light only is exhibited in the sample, excluding the background. The dark-field microscopic images offer higher contrast compared to the bright-field images by reducing background noise, as shown in Figure 5d,e.



High dynamic range (HDR) imaging was performed by using various contrast images acquired by different exposure times, as shown in Figure 6a [34]. The reconstruction of image arrays assists in increasing the image contrast [35,36,37]. For the HDR reconstruction, the captured images were aligned by matching the edge of the images. The aligned images were merged by computing a weighted average of each pixel. The weight of intensity was decided by the contrast, saturation, and well-exposedness of images. The HDR image algorithm comprises the signal representation of a Laplacian decomposition and Gaussian pyramid. As shown in Figure 6b, six images with different contrasts were captured by increasing the exposure times from 0.1 ms to 1.1 ms. Then, the captured images were integrated into a single HDR image through the HDR image processing algorithm shown in Figure 6c. As shown in Figure 7, the reconstruction algorithm offers a clear, high-contrast image, and the images were analyzed through histograms to quantitatively compare contrast variation. As a result, the histogram area of the reconstructed image is increased by more than 1.36 times that of a single-exposure image. This result indicates that the reconstructed HDR image shows a high dynamic range and contains more brightness data volume compared with the image before reconstruction.




4. MLA-Assisted Higher Magnification Imaging


Previously, solid immersion lens (SIL) microscopy usually used single microlens to enhance the magnification [38,39]. However, SIL microscopy has a limitation in the difficulty of aligning between an objective lens and microlens. The MLA-assisted MCM can provide numerous observation regions through pinhole arrays, which facilitate aligning the lenses and finding the region of interest (ROI) of an object. An enlarged virtual image of a target object can be observed through MLA when the target object is located closer than the focal length of MLA, as shown in Figure 8a. The MLA-assisted MCM can also increase the magnification of the imaging system by capturing a virtual image of MLA. However, image overlap can occur through adjacent microlenses; thus, a pinhole mask was formed between a target and MLA. The experimental results show that the MLA-assisted MCM without the pinhole mask offers an overlapped image, whereas the system with the mask provides a clear, magnified image, as shown in Figure 8b,c. The MLA-assisted MCM observes the group 7 element 5 of USAF 1951, which represents that the resolving power of MLA-assisted MCM demonstrates 2.46 μm, as shown in Figure 8d.



A scratch pattern with a dimension of 1 × 16 μm (Scratch & Dig Target, ISO 10110, Grade# 0.004) was observed through the MLA-based MCM, as shown in Figure 9. The MLA-based MCM observes a clear pattern compared with the digital zoom image of MCM, which offers a blur edge pattern due to the artificially-enlarged pixels. The magnification of MLA-assisted MCM is 8.43×, which is 3.92 times higher than that of MCM.




5. Conclusions


In summary, we have successfully demonstrated a multi-mode compact microscope (MCM) for high-contrast microscopic imaging. The MCM containing a bidirectional illumination module effectively transmits light to a sample and allows multi-mode imaging according to the materials and structures of the sample. The MCM achieves a spatial frequency of 135 lp/mm. The integral image reconstructed by the HDR algorithm clearly increases the dynamic range by 1.36 times compared to that of a single-exposure image. The MLA-assisted MCM successfully achieves a resolving power of 2.46 μm and a magnification of 8.43, owing to the virtual magnified imaging of MLA. This compact microscope can offer a novel and practical direction for machine vision and biomedical applications.
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Figure 1. Multi-mode compact microscope (MCM) for high contrast microscopic imaging. (a) A schematic illustration of MCM consisting of a ring-type top illumination, an imaging lens, a z-axis lift stage, a bottom illumination, and a housing with circuit boards. The ring-type top illumination is intended for reflection light microscopy mode, and the bottom illumination is used for transmitted light microscopy mode. Higher magnification mode contains micro-lens array (MLA) for additional magnification by the virtual image of MLA. (b) A photograph demonstrating the fully-integrated compact microscope. The dimension of MCM is 13 cm × 11.5 cm × 8 cm. (c) An exploded view of MCM. Optical path diagrams of (d) reflection and transmission mode as well as (e) higher magnification mode. 
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Figure 2. Imaging characterization of MCM. The captured (a) negative and (b) positive USAF 1951 resolution target images through the MCM. The central area was magnified with digital zoom. The corresponding normalized intensity profiles of captured (c) negative and (d) positive USAF 1951 target images. 
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Figure 3. Imaging performances of MCM. (a) Measured MTF curves according to illumination directions and targets through the slanted-edge method. (b) Thru-focus MTF according to target distances. The MTF was determined at the spatial frequency of 50 line pairs per mm. 






Figure 3. Imaging performances of MCM. (a) Measured MTF curves according to illumination directions and targets through the slanted-edge method. (b) Thru-focus MTF according to target distances. The MTF was determined at the spatial frequency of 50 line pairs per mm.



[image: Applsci 12 07399 g003]







[image: Applsci 12 07399 g004 550] 





Figure 4. Multi-mode illumination imaging of MCM. (a) Schematic illustrations of multi-mode illumination imaging. The transmission light microscopy mode uses the bottom illumination, and the reflection light microscopy mode comprises the top illumination. The dual illumination mode simultaneously utilizes the bottom and top illuminations. The captured microscopic images of (b) stratified squamous epithelium and (c) cardiac muscle in the transmission light mode. The reflected microscopic images of (d) gold wires on an image sensor and (e) a silicon capacitor packaged on a circuit board. The captured images of leaf in (f) the transmission light mode and (g) the reflection mode. (h) Dual illumination imaging of leaf, which offers a high-contrast leaf hair image. The scale bars are 100 μm. 
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Figure 5. Microscopic imaging applications through the MCM. (a) A schematic illustration of dark-field microscopic imaging. The captured dark-field images of (b) yeast and (c) sugar through the MCM with the dark-field stop. The captured bright-field images of (d) yeast and (e) sugar through the MCM to compare with dark-field images. The scale bars are 100 μm. 
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Figure 6. High dynamic range (HDR) imaging of MCM. (a) An algorithm flow chart of HDR reconstruction. (b) Sectional images of monocotyledonous plant stem according to exposure times. (c) A reconstructed HDR image by integrating the various contrast images. The scale bar is 100 μm. 
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Figure 7. The corresponding histogram measured from images before and after image reconstruction. The area of HDR image histogram is increased by 1.36 times compared with the single exposure image (0.5 ms). 
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Figure 8. MLA-assisted higher magnification imaging. (a) A schematic illustration for imaging principle of MLA-based higher magnification imaging. Captured microscopic images from the MLA-assisted MCM (b) without a mask (c) with a mask. (d) The corresponding normalized intensity profiles of captured the image of group 7 on the USAF 1951 target through the MLA-assisted MCM. 
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Figure 9. Comparison of magnification between the MCM and the MLA-assisted MCM. (a) Captured images of a scratch target through the MCM. (b) Digitally magnified image of scratch target. (c) Captured image of scratch target through and the MLA-assisted MCM. 
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