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ABSTRACT

Optical coherence tomography (OCT) is a non-invasive, label-free imaging method based on high-resolution
interferometric optics that allows real-time visualization of morphological structures and depth-resolved images. The
high cost of most commercially available OCT systems limits their widespread use, especially in resource-poor settings.
Miniaturization of OCT devices therefore reduces not only size but also cost and has the potential to open new markets
for this technology. In this study, we developed a small, portable 3D printed OCT system (SBC-OCT) based on a single-
board computer. To reduce the cost to configure the system, the whole case of SBC-OCT is made with 3D-printed
architecture. Using an area camera to avoid thermally induced alignment distortions in the spectrometer during system
operation, the spectrometer is temperature insensitive, requires no hardware changes or additional components, and
requires minimal computational effort. An applied automatic signal correction method was developed. The smaller size,
lighter weight, and lower cost of SBC-OCT highlight its significant relevance in medical, industrial, and security
applications, showcasing its potential for broad adoption.

Keywords: Temperature-insensitive optical coherence tomography; Compact optical coherence tomography; Automatic
peak detection, Latte Panda single-board computer

1. INTRODUCTION

Optical coherence tomography (OCT) is an advanced imaging technique that uses non-invasive, label-free, high-
resolution interferometry to deliver real-time information about the morphology and structure of samples, as well as
depth-resolved imaging [1]. OCT has been widely adopted in diverse fields, including medicine [2-6], industry [7, 8],
and agriculture [9, 10]. Nevertheless, the high cost of most commercially available OCT systems has significantly
hindered their accessibility, especially in settings with limited resources. The process of miniaturizing OCT systems
involves addressing three primary considerations: (1) reducing size, (2) lowering cost, and (3) minimizing weight [11].
Moreover, depending on the intended application, compact OCT systems may require not only size reduction but also
enhanced flexibility or further cost efficiency [11].

Since the introduction of Fourier-domain OCT, two primary types, known as spectral-domain OCT (SD-OCT) and
swept-source OCT (SS-OCT), have been predominantly utilized. While both systems share a similar theoretical
foundation, they differ in their methods for measuring interference signals and in hardware requirements, leading to
trade-offs between imaging performance and cost [12]. SS-OCT, despite its superior performance, faces significant cost
challenges in miniaturization due to the complexity of its swept laser source (narrow-band laser with a rapidly tunable
center frequency) and the need for a high-performance digitizer capable of converting interference signals into digital
data at high sampling rates [13, 14]. On the other hand, SD-OCT, which utilizes a broadband light source and
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spectrometer-based detection, offers a simpler configuration. This simplicity makes it more cost-effective and better
suited for developing low-cost OCT systems [12, 15].

In SD-OCT systems, the spectrometer is a crucial component that directly impacts image quality but is also one of the
largest and most complex parts of the overall setup [11, 12]. One early attempt to miniaturize the OCT system involved
modifying a commercial spectrometer by integrating a faster line-scan camera, achieving a 10 kHz A-scan rate within a
compact design [16]. However, further adjustments were necessary to align the camera with the commercial
spectrometer to enhance sensitivity. Additionally, a fully customized, low-cost spectrometer design was developed using
3D printing technology, offering improved tolerance for vertical misalignment [17]. This approach, however, required
averaging multiple frames to enhance the signal-to-noise ratio. Arrayed waveguide gratings (AWGS) have also been
explored as an alternative for spectrometer design [18]. While AWG-based spectrometers show strong potential for
creating ultra-compact, portable, and low-cost OCT systems, they currently face challenges such as a limited number of
channels, narrower bandwidths, and higher transmission losses compared to traditional diffraction gratings. Further
improvements are needed to address these limitations.

In this study, we developed a compact OCT system (SBC-OCT) based on a single-board computer and a temperature-
insensitive spectrometer. To mitigate alignment distortions in the spectrometer caused by heat generated during system
operation, we implemented an automatic signal compensation method utilizing an area-scan camera. This approach
enabled the integration of a temperature-insensitive spectrometer into the SBC-OCT system.

2. MATERIALS AND METHODS
2.1 System configuration of SBC-OCT

The hardware configuration of the SBC-OCT system, including the interferometer setup and a photograph of the
packaged system, is shown in Fig. 1. The optical design of the SBC-OCT system employed a Michelson interferometer-
based SD-OCT setup, integrated with an area-scan camera-based temperature-insensitive (TI) spectrometer. A super-
luminescent diode (EXS210022-02, Exalos, Switzerland) with a center wavelength of 840 nm and a bandwidth of 50 nm
served as the broadband light source. Light from the source was directed to a 50:50 fiber coupler (TW850R5A2,
Thorlabs, USA), splitting it evenly between the reference and sample arms. The reference arm included a collimator
(F260APC-780, Thorlabs, USA), a lens (AC254-050-B, Thorlabs, USA), and a mirror (PF10-03-P01, Thorlabs, USA).
Similarly, the sample arm consisted of equivalent optical components but included an additional galvanometer scanner
(GVS002, Thorlabs, USA) for 3D scanning. The backscattered light from both arms was combined in the fiber coupler
and transmitted to the customized TI-spectrometer. The optical configuration of the TI-spectrometer is detailed in Fig.
1(b), while its photograph is shown in Fig. 1(c), whose overall configuration is structure shares similar characteristics
with spectrometer designs used in previous studies [19, 20]. The spectrometer featured a collimator (TC25APC-780,
Thorlabs, USA), a diffraction grating (WP-HD1800/840, Wasatch Photonics, USA), a lens (AC254-050-B, Thorlabs,
USA), and an area-scan camera (acA2000-165umNIR, Basler, Germany). The diffraction grating was positioned at a 49°
angle to ensure accurate beam propagation. The dispersed light was focused using a lens and then captured by the area-
scan camera. The TI-spectrometer had overall dimensions of 140 x 110 x 75 mms3 (width x depth x height). The
interfered signal was processed by a data acquisition (DAQ) board (USB-6341, National Instruments, USA), placed on
the second layer of the SBC-OCT system. For processing and system control, a Latte Panda single-board computer
(dimensions: 115 x 78 x 14 mm3 was used. It synchronized the OCT hardware, including the galvanometer scanner and
area-scan camera, via triggers, performed OCT signal processing, and displayed the processed OCT images. This
compact configuration significantly reduced the system's size and weight. All hardware components, including the
interferometer, drivers, power supply, Tl-spectrometer, and Latte Panda single-board computer, were arranged using 3D
modeling software to optimize the spatial configuration and minimize the overall volume of the SBC-OCT system. To
further reduce manufacturing costs, the system’s structure was fabricated using a polylactic acid (PLA)-based 3D printer.
The final dimensions of the assembled SBC-OCT system, excluding the display and scanner, are 230 x 230 x 330 mm3
(width < depth x height), with a total production cost of approximately $10,000. All components of the SBC-OCT
system were carefully positioned at precise locations based on the 3D model design.
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1 Spectrometer

Figure 1. Configuration of the SBC-OCT system utilizing the TI-spectrometer. (a) Detailed hardware components of the OCT system.
(b) 3D modeling design of the customized TI-spectrometer, including its optical layout. (c) Photograph of the actual 3D-printed TI-
spectrometer. ASC, Area Scan Camera; BLS, Broadband Light Source; C, Collimator; DG, Diffraction Grating; FC, Fiber Coupler;
GS, Galvanometer Scanner; L, Lens; M, Mirror.
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Figure 2. Description of the automatic signal compensation process. (a) Software flowchart of SBC-OCT for TI-spectrometer.

2.2 Signal compensation method of TI-spectrometer

The software flowchart for processing OCT signals through the TI-spectrometer is shown in Fig. 2, with all steps
executed on a Latte Panda single-board computer using LabVIEW. The process consists of three stages: (1) data
acquisition using the TI-spectrometer with an area-scan camera, (2) OCT signal processing with automatic signal
compensation, and (3) real-time image display. Raw signals captured by the area-scan camera (2048 x 1088 pixels) were
buffered and transferred for processing, where the peak intensity pixel (P;) along the x-axis was identified and used for
signal extraction. Four pixels (Pi1, Pi, Pi+1, and Pi+2) were selected and averaged to generate the raw interfered signal,
which was subsequently processed through background removal, k-linearization, dispersion compensation, Fourier
transform, and log scaling to produce real-time cross-sectional OCT images. The four-pixel selection was optimized to
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balance image quality and acquisition speed, matching the 10-20 pm cell height of conventional line-scan cameras
(using an area-scan camera pixel size of 5.5 pm x 4 = 22 um) and enhancing acquisition speed by focusing on a specific
signal region. The system achieved a frame rate of 10 frames per second with 500 A-scans per B-scan. As shown in Fig.
3, while increasing the number of pixels improved signal intensity, it reduced the camera's maximum acquisition speed,
validating the four-pixel choice as an optimal balance between speed and quality for the SBC-OCT system.

3. RESULTS

To quantitatively assess the robustness of the Tl-spectrometer-based OCT system against temperature variations and its
signal restoration performance, we imaged an IR card as a sample under three conditions: (1) initially aligned (original)
image, (2) distorted image (affected by temperature increase), and (3) compensated image (corrected via automatic
signal compensation), as shown in Fig. 3. The qualitative analysis of the OCT images (Fig. 3(a)-(c)) clearly highlights
the differences between the distorted and compensated states compared to the original image. For quantitative evaluation,
A-scan profiling was performed along the depth direction, and image histogram comparisons were made for each region
of interest (ROI), marked with red boxes in Fig. 3(a)-(c). Each ROI had dimensions of 200 pixels (X-axis) x 215 pixels
(Z-axis). The second column in Fig. 3 (Fig. 3(i)) displays the results of A-scan profiling, where the signal was averaged
over 215 lines in the ROI along the X-axis. The A-scan profile for the distorted case (Fig. 3(b-i)) shows an absence of
any meaningful OCT signal when compared to the original image (Fig. 3(a-i)), demonstrating the necessity for positional
correction. Conversely, the depth signal extracted from the compensated image (Fig. 3(c-i)) reveals restored OCT signals,
achieved by shifting the measuring position to the peak pixel. To further analyze signal differences, we subtracted the A-
scan profiles of each ROI, with the results presented in the third column of Fig. 3 (Fig. 3(ii)). Since no structured signal
was present in the distorted image, subtracting its profile from the original and compensated images (Fig. 3(a-ii) and Fig.
3(b-ii)) produced results nearly identical to the original signal. However, subtracting the original from the compensated
signal (Fig. 3(c-ii)) confirms the effectiveness of the automatic signal compensation method, as the subtracted signals
remained below the noise level. Additionally, the histograms of the obtained images, shown in the fourth column of Fig.
3 (Fig. 5(iii)), further validate the proposed compensation method’s ability to restore distorted signals.
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Figure 3. Quantitative performance evaluation of the SBC-OCT system. (a)-(c) 2D-OCT images representing the original, distorted,
and compensated states. (i) Depth intensity profiles for ROI 1, ROI 2, and ROI 3. (ii) Average intensity differences between ROI 1
and ROI 2, ROI 3 and ROI 2, and ROI 1 and ROI 3. (iii) Intensity histograms corresponding to (a)-(c). ROI, region of interest.
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4. CONCLUSION

In conclusion, we developed a compact OCT system based on the Latte Panda single-board computer, achieving
significant reductions in size and weight to improve portability and applicability. All non-optical hardware components
were fabricated using a 3D printer, further minimizing cost and complexity. To address alignment distortions caused by
thermal effects on the 3D-printed structure, particularly from the heat generated by the camera, an automatic signal
compensation method was implemented. This approach required no hardware modifications, no additional components,
and imposed minimal computational load. Hence, based on the obtained results demonstrating the applicability and
practicality of SBC-OCT, the proposed system presents promising outcomes that could encourage its adoption across
various applications, including medical, industrial, and agricultural fields.
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