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Single-pixel microscopy (SPM) is an emerging imaging technique in which a sample is illuminated
with a series of micro-structured light patterns, typically generated by a digital micromirror device
(DMD). After interaction with the sample, light is collected by a bucket detector, and the image is
reconstructed through computational algorithms, such as basis transformations or compressive
sensing. DMD achievable framerates and wide spectral range has allowed SPM to develop a wide
range of applications, including polarization state analysis, phase imaging, and fluorescence lifetime
measurements. To achieve optimal performance in these applications, a precise system configuration
is required ensuring the effective projection of the structured light patterns. Nevertheless, the
incorporation of a DMD introduces additional complexity, particularly in alignment, which can
significantly affect system performance if not properly addressed. This work presents a comprehensive
framework for the design, assembly, and alignment of a modular, open-source SPM system. The
proposed procedures minimize aberrations introduced during construction and ensures the accurate
projection of structured light patterns onto the sample. The modular design facilitates integration
across multiple illumination sources and enables simultaneous brightfield transmission and reflection
imaging. The proposed system achieves resolution near the diffraction limit, surpassing previous
SPM configurations without requiring numerical or optical enhancement techniques. Performance
validation through imaging experiments on both biological and non-biological samples demonstrates
the system’s robustness and versatility. By providing detailed design and assembly instructions, this
work contributes to the openness and reproducibility of SPM and serves as a valuable resource for
researchers aiming to build high-performance, customizable single-pixel imaging systems.
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Array detectors are traditionally integrated into imaging systems to enable digital acquisition and digital
processing, which facilitate the visualization of samples. However, these capabilities depend on the detector
specifications, which impose some limitations, especially for imaging outside the visible region of the
electromagnetic spectrum" In this way, single-pixel imaging (SPI) has emerged as a promising unconventional
imaging technique, taking advantage of the simplicity and variety of market-available bucket detectors. In
SPI, the array detector is replaced by a single-pixel detector together with a spatial light modulator (SLM)?.
Conventional single-shot imaging becomes now into a sequential acquisition of intensity values provided by
the bucket detector, while the SLM modulates the sample’s information. These changes shift the image retrieval
process to computational efforts, reducing the complexity of the detectors while increasing their versatility in
acquisition capabilities*~°.

In principle, any SLM can be utilized to modulate the sample information in SPI. However, the faster the
modulation the less time spent on the intensity acquisition. According with that, the digital micromirror device
(DMD) has emerged as an essential SLM for SPI because it is capable of providing binary modulation of light
up to 32 kHz!'. This device modulates the light by tilting micro-sized mirrors to two positions at high-speed
rates' "2, Nevertheless, the tilt angle makes the DMD alignment a rather labor-intensive task. To simplify the
alignment, total internal reflection prisms (TIR) can be incorporated in some applications'®. However, the use of
TIR restricts the system to the specific design wavelength range, which is commonly in the visible spectral range,
limiting the flexibility of the device for wider spectral bands and nonlinear applications'*.
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The combination of such fast devices with novelty compressive sampling techniques has profiled SPI as
a promising field of study and technology development!®!>!6. In particular, the development of single-pixel
microscopy (SPM) techniques has made it possible the use of specialized detectors suitable for spectral ranges
and applications where the accessibility of array detectors decreases due to high cost? or unavailability*!”18.
Specifically, this has enabled the integration a variety of light-detection frameworks, such as highly sensitive
detectors', high temporal-bandwidth sensors*!**’, and wide-spectral light sensors ranging from SWIR to the
X-Ray spectrum?"22,

Despite the theoretical foundations for SPM are well established, practical studies about the setup, configuration
and standardization for SPM design, alignment and testing remain scarce??*. For new researchers, aligning the
optical system, particularly due to the presence of the DMD, can be challenging as this is not well documented
in technical reports'"12. Recently, some notable efforts have been done in this direction, in wavefront shaping
applications?* and in SIM techniques.

To bridge this gap, this scientific report presents a reproducible framework for constructing and aligning
a single-pixel microscope integrating both transmission and reflection modalities. This study also offers a
comprehensive standardized design guide that systematically addresses the challenges of incorporating a DMD
into SPM. It discusses the coupling of adaptive optical elements, the constraints on the technique resolution in
SPM. These aspects have not been analyzed together in detail in the framework of SPM design and implementation
before. As well, a high spatial resolution sensor to control the quality of the projected patterns, and the possible
addition of data-fusion techniques has been integrated. Additionally, a dual setup is demonstrated, enabling
the simultaneous acquisition of sample information in both bright-field transmission and reflection modes. We
validate the design through imaging various biological and non-biological samples, showing the versatility and
potential of this SPM configuration for diverse applications.

Single-pixel microscopy (SPM) operational and design factors

In conventional imaging, the image of an object is typically captured in a single shot by using millions of optical
sensors contained in a CMOS or CCD array. In contrast, in SPM the object is sampled through a series of light
patterns, usually encoding functions of a specific basis, while the light intensity is recorded sequentially onto a
single-pixel detector’. The image is then reconstructed by means of an inverse transformation. In the literature,
two main optical configurations are described to achieve this, active SPM and passive SPM, also referred as
structured illumination and structured detection, respectively.

In active SPM, the set of patterns, encoded in the SLM, are demagnified by the microscope setup and projected
on the sample plane. Then, after interacting with the sample, the light is collected using the bucket detector, as is
shown in panel (a) of Fig. 1. This configuration minimizes sample degradation by illumination, due to the spatial
structure of the light patterns, which reduces photobleaching in fluorescence applications. After the pattern
projection, light can be collected in either reflection or transmission configurations, enabling the simultaneous
acquisition of multimodal information about the sample. Despite these advantages, a critical challenge in active
SPM is optimizing the balance between spatial resolution, and binning strategies, which impact the achievable
image quality and remain underexplored in prior studies.

In contrast, in passive SPM a magnified image of the object is produced on the DMD plane. The light
interacting with the DMD for each pattern is collected by the bucket detector, as is shown in panel (b) of Fig. 1.
This approach enables the acquisition of modulated information and its complementary at the same time, taking
advantage of the binary nature of the DMD?. If the DMD is replaced by a conventional camera, the setup converts
seamlessly into a conventional imaging system.
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Fig. 1. Single-pixel microscopy configurations. Panel (a) shows a structured illumination configuration where
a plane wave illuminates the DMD, and the modulated light pattern is projected over the sample. Then, the
scattered light is integrated by the photodiode (PD). In contrast, panel (b) shows a structured detection setup,
where the sample is always illuminated, and its optical image is magnified and projected over the DMD, which
modulates the reflected light towards the PD.
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In this work, the structured illumination approach is employed to design an SPI-based microscope that
prioritizes sample preservation. This method not only minimizes photodamage but also facilitates the rapid
integration of multiple light sources and detectors enabling versatile data acquisition strategies, both in
transmission and reflection configurations. As will be further discussed, this flexibility allows simultaneous
imaging across multiple detection channels, paving the way for multimodal analysis and enhancing the
adaptability of the microscope to various experimental requirements.

Hadamard basis, sampling and reconstruction

Several function bases can be used to encode sample information in SPI?>-30, However, the DMD’s binary
modulation characteristic makes a binary bases particularly advantageous. Therefore, the Hadamard basis H is
used to generate binary Hadamard patterns, which are projected onto the by means of structured illumination.
Having this in mid, in this scientific report the Hadamard basis will be used as the support for SPM. In a
Hadamard-based single-pixel microscope (HSPM), each function of the Hadamard basis is projected over
the sample as a two-dimensional rectangular light pattern. Each Hadamard function, containing+ 1 values, is
projected by combining two complementary light patterns, one codifying the positive and another the negative
component of the Hadamard function. The pointwise product between each Hadamard pattern H and the
sample x is integrated by a bucket detector, creating an intensity vector y, that encodes the sample information,
as is illustrated in Fig. 2 panels (a) and (b).

To reconstruct the object’s image 4, the intensity vector y is multiplied by the inverse Hadamard matrix
H~'. Given the symmetry property of the Hadamard basis, H~' = H, this simplifies the reconstruction
process to a straightforward matrix multiplication, as shown in Fig. 2 panel (c). This streamlined approach offers
an efficient pathway to retrieve high-fidelity images from a minimal number of intensity measurements, a key
advantage of Hadamard basis in SPL

Field of view and resolution

Once the operational principle of SPM has been clarified, is necessary to define the design parameters in terms of
the pursued image quality. In this section the relations between the pixel pitch, the resolution and the numerical
aperture (NA) in SPM are discussed. As well as in optical imaging, there are two parameters of paramount
importance for assessing image quality in SPM: namely the field of view (FOV) and the spatial resolution. The
FOV in Hadamard-based SPM is determined by the size of the demagnified projected pattern by the optical
system. Equation (1) describes the relation for a square pattern of n pixels along each axis; where M is the
magnification of the system, and p, is the size of the smallest pixel of the Hadamard pattern. It is interesting
to note that the former variable is not necessarily the size of the SLM pixel, in our case, the size of the DMD
micromirrors. In fact, it is possible to apply binning to have one pixel of the Hadamard pattern formed by more
than one adjacent SLM pixel.

FOV = (p;/[”)Q, (1)

On the other hand, spatial resolution refers to the ability of an optical system to distinguish between two points
or objects that are close together. It is typically defined as the smallest distance between two objects that can be
clearly resolved or identified as separate entities rather than as a single blurred point. When all the Hadamard
base is sampled and no compressive sensing strategies are applied, the smallest resolvable detail in SPM is given
by the minimum between the geometrical demagnification of the smaller pixel of the projected Hadamard
pattern,
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Fig. 2. HSPM acquisition and image retrieval processes. In panel (a), the intensity vector y as the product

of the Hadamard basis H matrix with the sample information vector x. In panel (b), a description of how
each component of the intensity vector y is acquired in the microscopic setup. Finally in panel (c), the inverse
Hadamard transform H ! is computed over the intensity vector y to retrieve the sample information.
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and the spatial resolution of the optical system limited by the well-known Rayleigh criteria,

Arap = 0.61%, (3)

where A is the illumination wavelength and NV A is the numerical aperture of the system. If A rgeo < A ra;¢
the smaller patterns are not correctly projected over the sample plane due to a diffraction limitation of the
system. If this is the case, the blurred patterns projected over the sample plane would compromise the retrieved
image resolution. Then, it is convenient to apply binning by increasing the pattern pixel size. In this way, we
optimize both FOV and resolution, avoiding unfavorable projection. To bring in context the reached resolution
in the SPM state of the art in Table 1 the information presented by Wu et al.’! has been adapted. The performance
of different SPM developments is shown, and the imaging conditions are detailed.

Considering the previous operational parameters for SPM, and the state-of-the-art performance, the
design of a modular HSPM is presented in the following section. The proposed design is optimized over the
operational parameters to reach high resolutions by minimizing the system aberrations and introducing
adaptive optical elements. The design allows the incorporation of multiple illumination sources and different
detectors. The assembly instructions, the system to correctly project the patterns over the sample plane, and the
DMD alignment with the microscope setup are detailed. As well the construction of the proposed design and
experimental validation will be provided. These considerations for the HSPM validate the proposed design as a
reproducible framework for SPI in terms of hardware, assembly procedures and detector integrations.

Single-Pixel microscope design

Proposed system overview

The HSPM presented in this work is shown in Fig. 3. A full render perspective is shown in panel (a). A modular
design allowing versatility and robustness was implemented. In panel (b) a detailed schematic of all modules is
shown. The design consists of a DMD-based structured illumination system, a collection optics module, and
a high-sensitivity single-pixel detector. A key concept of the proposed microscope is that, unlike most of the
reported SPM>13:25:31.3334 the presented system is designed to operate in both reflection and transmission modes,
allowing for multimodal imaging of biological samples. This significantly reduces the cost of optics, particularly
for applications related to IR microscopy. In traditional dual-acquisition setups, a complete imaging system
with costly IR optics must be constructed for transmission imaging. However, this setup addresses wavefront
distortions and allows for real-time autofocus adjustments by utilizing adaptive optics elements.

A major challenge in SPM implementation is the integration of DMDs, tilt angle, and optical alignment,
which significantly impact system performance. This section provides a systematic approach to addressing these
issues, ensuring robust and reproducible system operation. In the proposed system, collimated illumination
from the light source gets into the system through the coupling module M-®; then, the light is redirected
to the DMD and is reflected perpendicularly in the direction of the Projection module M-®. The DMD, the
field diaphragm, and the sample plane are conjugated in this module. The Projection module M-® generates
structured illumination by forming a demagnified image of the DMD patterns on the sample plane. Finally, the
light reflected or transmitted by the sample is acquired by the Reflected-light sensing M-© and Transmitted-light
sensing M-® modules, respectively, in a single-pixel dual detection configuration.

The role, design, and assembly instructions of each module in the microscope are explained in detail in the
following subsections. The Helmholtz reciprocity theorem of light®® is used to align the microscope from the
inside to the outside, guaranteeing the proper integration of the DMD into the microscopy system.

Projection module
The Projection module is set to correctly project the structured light patterns onto the sample plane. To do
this, an image of the digital patterns codified in the DMD must be formed in the sample plane. In this module,

Resolution performance in terms

Previous reported | Imaging conditions of 1951 USAF target elements
322013 NA Group 4, element 5*
22014 MO=36x NA=0.52 Group 7, element 3*
252017 MO=10x NA=0.4 Group 7, element 3*
132018 MO=10x NA=0.25 Group 7, element 4*
MO not applicable

Magnification rate 0.1

31

2021 Microscope with 300 mm and Group 6, element 6
30 mm focal length lenses

332023 MO=10x NA=0.25 Group 6, element 6

162025 MO=50x NA=0.5 Group 9, element 1

Table 1. List of the operational performance in single-pixel microscopy. *Computed based on the article
presented results.
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Fig. 3. Proposed single-pixel microscope. In panel (a) a render in two perspectives is shown. In panel (b)

a schematic and modular division is detailed. All the corresponding microscope modules are delimited by
dotted lines, being M-® the illuminating coupling module, M-® the projection module, M-© the reflected-
light sensing module, and M-® the transmitted-light sensing module. The detailed element in the schematics
corresponds to Ap;: aperture ith, M: mirror ith, L;: lens ih, FTL: focus tunable lens, FD: field diaphragm, TL;
tube lens ith, BS;: beam splitter ith, MO,: microscope objective ith, BD;: bucket detector ith.

two lenses of equal focal length are located in a 4f configuration after the DMD, followed by a tube lens and a
microscope objective, as is shown in panel (a) of Fig. 4. The introduction of the 4f system allows access to the
microscope aperture and field diaphragms. In this configuration, the DMD is conjugated to the field diaphragm
(FD) of the system to ensure the patterns projection onto the sample plane. In addition, a focus tunable lens
(FTL) is located in the aperture plane of the 4f system to fine-tune the projection of the patterns onto the sample
plane®. A render of the final assembled module is shown in panel (b) of Fig. 4. The corresponding optical
elements are referenced both with its schematic identifier as text to describe the component and with a circled
number to ensure they are easily distinguished in the rendering visualization.

The setting up of the microscope starts from the assembly of the Projection module. The idea is to align each
part of the 4f system by making sure that a proper collimated beams comes out in the reverse path. To ensure
an afocal system, collimation is guarantee by the use of a shear interferometer moved step-by-step®”. As well as
in conventional imaging, having small defocuses in the system due to optical alignment jeopardizes the SPM
performance. Different solutions have been proposed to solve the said defocusing problem?. Nevertheless, the
system itself should be checked to ensure precise operation conditions.

To do so, at the beginning of the M-® assembly, a plane wave from an auxiliar coherent illumination source
illuminates the microscope objective ® from the sample plane. Then the position of the tube lens @ is fixed by
using a shear plate ensuring a proper alignment®’. During this alignment, the beam splitter® is placed between
the microscope objective and the tube lens, as is shown in Fig. 5 panel (a). Then, the microscope objective @
is unscrewed, for illuminating the tube lens @ with a plane wave. Then, lens @ position must be fixed by using
the shear plate again, to ensure that a plane wave comes out of it, as is shown in panel (b) of Fig. 5. After that,
the microscope objective @ is screwed in its position, and the lens ® position is fixed by using the shear plate,
guaranteeing the plane wave at the output of the system, as is shown in Fig. 5 panel (c).

Reflected-light sensing module

In this module, the light reflected by the sample is acquired using a digital camera and a bucket detector, as is
shown in panel (a) of Fig. 6. The first one is for checking the appropriate projection of the patterns on the sample
plane, and the second is for the single-pixel detection. To ensure a correct magnification in the sample image
over the camera plane, the lens @ must have the same focal length as the tube lens @ and be placed after the
beam splitter in a telecentric configuration with the microscope objective. After this lens, a 90:10 beam splitter
is used to divide the light into two paths with different intensity ratios. A control camera @ has been included
in the proposed setup for sample and pattern verification prior to SPM acquisition. The camera sensor is located
at the focal length of the lens @ in the 10% intensity light path of the beam splitter. This camera can also be used
for data-fusion where a high spatial resolution sensor is typically processed alongside low-resolution spectral
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Fig. 4. Projection module. In panel (a) the projection module schematic is shown. The optical elements are
labeled both with their corresponding acronym and numerically. In panel (b) the rendered 3D view of the
projection module is shown, where each optical element is referenced using the corresponding number from
panel (a). The detailed element in the schematics corresponds to M: mirror ith, L;: lens ith, FTL: focus tunable
lens, FD: field diaphragm, TLi: tube lens ith, BS;: beam splitter ith, MO;: microscope objective ith.

Auxiliar Auxiliar Auxiliar
illumination illumination | illumination
source source source

Fig. 5. Projection Module assembly steps. Panels (a), (b) and (c) illustrate the setting up for guarantee

the afocal configuration for the tube lens @, lens @ and lens ®, respectively. Panel (a) shows the afocal
configuration between the microscope objective @ and the tube lens @, panel (b) between the tube lens @ and
lens @, and panel (c) between lens @ and lens ®. As is presented in the three panels, the correct position of the
optical elements is defined using the shear plate (SP).

images acquired with SPM. The said measurements can be performed by changing one of the proposed detectors
for a specialized one’. On the other hand, the bucket detector (0 is located in the 90% intensity light path to
have most of the light for single pixel detector. In this path, a microscope objective @ is used to focus the light
onto the detector (0. The rendering of the assembled module is shown in Fig. 6b.

This module can be assembled simultaneously as the Projection module. The position of the tube lens @ is
fixed by ensuring the telecentric configuration between this lens and the microscope objective ® using a shear
plate, as is shown in Fig. 7 panel (a). Then, by removing the microscope objective @ and illuminating the lens @
with a plane wave, the digital camera will be located at the focal length of the tube lens in the reflection module,
as is shown in Fig. 7 panel (b); it is recommended to use a low-power laser for this and also to check laser
induced damage threshold of the camera, and also use long exposure times so as not to compromise the device.
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Fig. 6. Reflected-light sensing module. In panel (a) Reflected-light sensing module schematic is shown. In
panel (b) the rendered 3D view of the Reflected-light sensing module is shown, where each optical element is
referenced using the corresponding number from panel (a). The following acronyms are used for the optical
elements: Mi: Mirror, Li: Lens, TLi: Tube lens, BSi: Beam splitter, MOi: Microscope objective, BDi: Bucket
detector.

Finally, the microscope objective @ is screwed in its position, and the light is focused on the single-pixel detector
by using a xy translation mount and a z translation mount for the microscope objective @, as is shown in
Fig. 7 panel (c).

Transmitted-light sensing module
This module is simpler than the previous one, requiring only the single-pixel detection part. The light transmitted
by the sample is somehow totally or partially collimated by a lens and then focused on the single-pixel detector
using a microscope objective, as seen in Fig. 8a. The magnification of the microscope objective, similar to the
reflected-light sensing module, must be selected according to the active area of the bucket detector to ensure
that all the light is collected. In this module, the collimation lens @ should be positioned for collecting all the
light at the output of the microscope objective @ and then focus it on the photodetector @. The rendering of
the assembled module is shown in Fig. 8b.

The bucket detectors included in both the Reflected-light and Transmitted-light sensing modules can be
replaced by an optical fiber and then coupled to a spectrometer for multi- or hyperspectral imaging.

Illumination coupling module

This module mainly defines the good coupling of the illumination in the single-pixel microscope by adequately
integrating the DMD into the system. The use of DMD-based optical systems represents a rather challenging
alignment process. This device consists of an array of independent micro-sized mirrors with controllable tilt
angle states. The DMD has three states; when it is not energized, the tilt angle of the mirrors is 0°, which is called
the flat state. On the other hand, when it is energized, the micromirrors flip between two tilt angles, +« for the
ON state, and —a for the OFF state. Since « is typically 12°, the beam lighting the DMD at 24° is reflected
perpendicular to the DMD for the ON state, and is reflected at 48° far from the optical axis for the OFF state! 12

In practice, aligning the DMD to ensure that the illumination beam enters at the correct angle (typically 24°)
is time-consuming and requires a high level of alignment expertise. The alignment difficulty also increases when
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Fig. 7. Setting up the reflection-light acquisition module. Panel (a) illustrates the configuration that ensures

an afocal arrangement between the microscope objective @ and lens @, utilizing the shear plate (SP). Panel (b)
shows the placement of the control camera at the front focal plane of lens @. Panel (c) shows the alignment of
the photodiode @), by the axial displacement of the microscope objective @ and the lateral displacement of the
photodiode . The following acronyms are used for the optical elements: SP: Shear plate.
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Fig. 8. Transmitted-light sensing module. In panel (a) the transmitted-light sensing module schematic is
shown. In panel (b) the rendered 3D view of the transmitted-light sensing module is shown, where each optical
element is referenced using the corresponding number from panel (a). The following acronyms are used for the
optical elements Li: Lens, Tli, MOi: Microscope objective, BDi: Bucket detector.

multiple light sources are required. To overcome this, the proposed design includes an illumination coupling
module consisting of two apertures and two mirrors, as is shown in panel (a) of Fig. 9. The light illumination
passes through the two apertures and is then reflected by two mirrors, ensuring the light beam hits the DMD at
the correct angle. Since the apertures define the optical axis, any light source aligned with the apertures will hit
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Fig. 9. Illumination Coupling Module. In panel (a) the illumination coupling module schematic is shown. In
panel (b) the rendered 3D view of the illumination coupling module is shown, where each optical element is
referenced using the corresponding number from panel (a). The following acronyms are used for the optical
elements Mi: Mirrors, Api: Diaphragm, DMD.

the DMD at the correct angle after being reflected by the mirrors. The render of this module is shown in Fig. 9
(b).

One could try to align the incident beam to the system by using the mirrors 15 and 16, nevertheless aligning
the incident beam using only steering mirrors is often impractical and highly sensitive to errors. The DMD acts
as a diffractive surface, and Gaussian beam propagation complicates angular alignment*®*. Small deviations
in angle shift the reflected beam outside the system’s pupil, reducing image contrast and resolution. Previous
approaches include introducing diffractive correction elements or adjusting mirror angle®**0. These strategies
often add complexity and may degrade optical performance due to beam clipping or off-axis projection of the
sampling patterns. Instead, we propose a robust alignment based on the Helmholtz reciprocity principle. An
auxiliary collimated beam, launched through the imaging path, is used to locate the DMD normal. When the
DMD is in its flat state, a properly aligned beam returns on its own axis. This condition confirms perpendicularity
between the DMD and the optical axis. Once confirmed, the correct 24° incidence is achieved by setting the
DMD in the ON state.

Mirrors are then placed to direct light along the known outgoing path. This method avoids the need for
custom diffractive elements or complex angular calibration. It preserves beam collimation and ensures symmetric
pattern projection. Figure 10 illustrates each alignment step in detail.

To align the module shown in Fig. 9, the imaging module must be set up and the DMD ® must be positioned
approximately at the front focal distance from the lens ®. After that, an auxiliary light source will be placed
illuminating the microscope objective @ with a plane wave, following the optical axis of the projection module,
and coming out of the system through the lens ®), as is shown in panel (a) of Fig. 10. Setting the DMD in the flat
state, when a small beam coming from the lens ® hits the DMD, it will be reflected perpendicularly along the
same path only if the DMD is positioned perpendicular to the optical axis. Otherwise, a small tilt of the DMD
will cause a tilt in the light beam, and the light would not return to the system in the same path, as shown in the
zoom-in of the front and back visualizations of the light hitting the DMD in panel (a) of Fig. 10. Now, setting
the ON state, the light incident perpendicular to the DMD is reflected at an angle of 24° along the illumination
path, as shown in Fig. 10b.

At this angle, mirrors ® and @® are located in the setup respectively, as shown in Fig. 10c. Finally, the
apertures @ and @ are positioned, and mirrors @ and @® are used to define the optical axis of the system at the
center of the apertures. Since the microscope is aligned from the inside, the Helmholtz reciprocity theorem of
light® guarantees that any light source aligned with apertures @ and @, will also be aligned with the microscope
system.

The illumination source is aligned with the microscope using the apertures @ and @®. At this point, the
transmitted-light sensing module can be coupled into the system, and the sample stage can be placed. The DMD
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Fig. 10. Setting up the illumination coupling module. Panel (a) illustrates the tuning of the angle of a beam
that comes out from the microscope to ensure it is perpendicular to the optical axis established by the
microscope and the DMD in a non-energized state. The front and back visualizations of the panel (a) also
show that even a slight deviation from perpendicular alignment between the DMD and the optical axis can
cause a tilt in the illumination. Panel (b) shows the light beam from the microscope hitting the mirror & when
the DMD is set in the ON state. Finally, panel (c) shows the alignment of the optical axis in the center of the
apertures @ and ® by tilting mirrors @ and ®.

must be energized and set on a completely white pattern to visualize a sample placed on the stage using the
control camera @. It is necessary to adjust the sample stage along the z-axis to achieve the proper focus of the
sample. After that, a pattern is codified in the DMD ®. And the DMD is displaced across the optical axis to get
the best focus visualization of the patterns into the control camera ® image. Finally, the FTL @ is positioned in
the aperture plane of the 4f system.

Experimental validations

A dual single-pixel microscope was built and aligned following the outlined procedures. The microscope was
constructed using a Thorlabs 30 mm cage system. A Vialux V650L DMD, with a micromirror size of 10.8 um
per side served as the spatial light modulator (SLM) for pattern modulation. Two achromatic lenses with 75 mm
focal lengths were used as lenses @ and ®. A Thorlabs tube lens (TTL200-S8) and a 20X Mitutoyo microscope
objective (Plan Apo NIR, 0.4 NA) were employed as key elements to demagnify the structured patterns onto the
sample plane. The Reflected-light sensing module incorporated an avalanche photodiode (APD410A/M), while
the Transmitted-light sensing module uses a silica photodiode (PDA36A2). A FTL @ (Optotune EL-16-40-
TC-20-C) was included to control pattern projection and correct defocusing for the HSPM. Additional details
about the microscope components are provided in the following repository*!. Panels (a) and (b) of Fig. 11 show
pictures of the constructed microscope from different perspectives.

Different tests with both biological and non-biological samples were conducted using the proposed SPM
framework. Hadamard patterns of 128 x 128 with 2x2 micromirror binning were encoded on the DMD
and projected onto the sample plane, yielding a theoretical resolution of 1.05 pm, as evaluated by Eq. (3).
Autofocusing was achieved using the focus tunable lens (FTL) to maintain optimal focus*. The DMD speed was
set to 10 kHz, while photodiode acquisition was performed using a NI-DAQ USB 6341, with each photodiode
channel operating at 300 kilosamples per second. The acquisition time for the full 128 x 128 Hadamard basis
was 3.3 s. The microscope’s performance was validated by imaging a positive reflective 1951-USAF test target, as
shown in Fig. 12A 632 nm collimated diode was integrated into the microscope using the illumination coupling
module described earlier in Fig. 9 the element 4 of group 8 is resolved, corresponding to an width of each
element of ~1.38 pm. This performance surpasses recent single-pixel microscopy systems, which achieve up to
1.95 um using higher NA and magnification microscope objectives'®.
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Fig. 11. Panels (a) and (b) are pictures in different perspectives of the built single-pixel microscope.

In Table 2 the information presented in Table 1*! regarding the imaging operational performance of different
SPM is now complemented with the proposed design performance. In that way the proposed design can be
directly compared with the previously mentioned developments. Reinforcing the proposed framework for
design and implementation as a suitable way to standardize the HSPM implementation while reaching optimal
configurations in terms of resolution.

Nevertheless, resolution is not only the key improvement. A significant advantage of the proposed
microscope is also its dual acquisition mode. The reflected-light and transmitted-light sensing modules retrieve
images simultaneously, as shown in Fig. 12, panels (a) and (b). Conventional microscopy typically requires
two microscopes aligned for simultaneous reflection and transmission imaging. Unlike those solutions, in our
design, the same scanning patterns are used, allowing light coupling via the transmission module for efficient
dual-mode imaging and matching perfectly both acquired images. Additionally, the incorporation of ETL in
our design allows the rapid change between different wavelengths without needed mechanical displacements to
adjust the focal shift, just by implementing autofocus routines specifically designed for SPM.

Epithelial buccal cells and red blood cells were imaged using the built HSPM, demonstrating its capabilities
for biological imaging for the dual acquisition configuration. Epithelial buccal cells, which are semi-transparent,
absorb visible light. The reflection image highlights cell borders, while the transmission image reveals nuclei and
overall structure, as shown in Fig. 13, panels (a) and (b), respectively. Red blood cell smears, illustrated in Fig. 13,
panels (c) and (d), challenging for coherent imaging due to light scattering in the visible range, were imaged
effectively in the near-infrared, showcasing the system’s capability to analyze diverse samples.

Finally, the system’s versatility extends to its interchangeable illumination sources. Figure 14 illustrates
images of a cotton tissue obtained using both an incoherent 632 nm diode and a coherent 808 nm laser diode.
While increasing the wavelength reduces resolution, it enables imaging of highly reflective samples in visible
wavelengths by leveraging infrared light. Panels (a) and (b) show details captured using the 632 nm diode in
reflection and transmission modes, respectively. Panels (c) and (d) present the same region imaged with the
808 nm laser diode, highlighting the different photon interactions at infrared wavelengths. Transmission images
reveal hidden structural details not visible in the reflection mode.

Scientific Reports|  (2025) 15:17802 | https://doi.org/10.1038/s41598-025-03125-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Reflection Transmission

Fig. 12. Resolution test chart imaged using the built dual HSPM. Panels (a) and (b) show the corresponding
reflection and transmission images of a 1951-USAF test target using the proposed design. The scale bar
corresponds to 30 microns.

Resolution performance in terms | Adaptable for reflection

Previous reported | Imaging conditions of 1951 USAF target el t and tra i
gﬂzg?&i?;d dual MO=20x NA=0.4 Group 8, element 4 Yes
322013 NA Group 4, element 5* No
22014 MO =36x NA=0.52 Group 7, element 3% No
252017 MO=10x NA=0.4 Group 7, element 3* No
132018 MO=10x NA=0.25 Group 7, element 4* Yes

MO not applicable
VA EOL ot | Groups clments No

30 mm focal length lenses
332023 MO=10x NA=0.25 Group 6, element 6 Yes
162025 MO=50x NA=0.5 Group 9, element 1 No

Table 2. Proposed dual mode design operational parameters alongside the state-of-the-art solutions.
*Computed based on the article presented results.

Conclusions

In this work, the design, assembly, and alignment procedures for a modular, active single-pixel-based
microscope have been presented. The modalities of single-pixel microscopy (SPM) and its advantages have been
discussed. Detailed, step-by-step instructions for constructing and aligning the system have been provided,
with an emphasis on minimizing system aberrations and ensuring accurate projection of the structured light
patterns. This work describes an open-source design and reproducible assembly procedures, contributing to the
widespread adoption and dissemination of the SPM technique. Fundamental principles, such as the Helmholtz
reciprocity theorem of light, have been employed to guarantee the correct alignment and positioning of the
digital micromirror device (DMD) within the system. The procedure for aligning the DMD in active SPM
systems has been described in detail.

The proposed design, incorporating a dual reflection and transmission configuration, offers a versatile,
cost-effective solution for microscopy. Its modular and open-source nature makes it an accessible alternative to
conventional microscopy systems. Performance evaluation has been conducted using a positive USAF resolution
target, reaching a resolution of 1.55 pm, surpassing the capabilities of previously reported SPM configurations.
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Fig. 13. Dual imaging of biological samples. Panels (a) and (b) show Epithelial buccal cells in reflection
and transmission configuration, respectively. Panels (c) and (d) show red blood cell smears in reflection and
transmission configuration, respectively. The scale bar corresponds to 30 microns.

Notably, biological validation experiments have been carried out using both visible and infrared illumination,
demonstrating the system’s versatility across different modalities. The successful acquisition of coherent infrared
images further highlights the system’s robustness and potential for its use in diverse microscopic applications in
both biological and non-biological samples imaging.

This work addresses a gap in the current literature by providing a detailed methodology for optimizing
single-pixel microscopes without the reliance on numerical or optical enhancement techniques, setting a new
benchmark for SPM performance. The open-source, modular design presented here offers significant potential
for advancing research in various fields, including biology, materials science, and environmental studies, by
making high-performance imaging systems more accessible to a wider community of researchers. Future work
may involve further optimization of the system for higher resolution or extending its capabilities for other
imaging modalities, such as fluorescence lifetime imaging, to expand its potential applications.
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Fig. 14. Dual imaging of cotton tissue for multiple wavelengths. Panels (a) and (b) show the reflection and
transmission image for a 652 nm incoherent visible illumination, respectively. Panels (c) and (d) show the
reflection and transmission image for an 808 nm coherent infrared illumination, respectively. The scale bar
corresponds to 30 microns.

Data availability
All the parts and assembly CAD files related to this work, including the list of materials, are available in the open
access repository linked in reference?!. For further details contact with the corresponding authors.

Received: 18 December 2024; Accepted: 19 May 2025
Published online: 22 May 2025

References
1. Edgar, M. P, Gibson, G. M. & Padgett, M. J. Principles and prospects for single-pixel imaging. Nat. Photonics. 13, 13-20 (2019).
2. Radwell, N. et al. Single-pixel infrared and visible microscope. Optica 1, 285 (2014).
3. Duarte, M. E et al. Single-pixel imaging via compressive sampling: Building simpler, smaller, and less-expensive digital cameras.
IEEE Signal. Process. Mag. 25, 83-91 (2008).
4. Rousset, F. et al. Time-resolved multispectral imaging based on an adaptive single-pixel camera. Opt. Express. 26, 10550 (2018).

Scientific Reports|  (2025) 15:17802 | https://doi.org/10.1038/s41598-025-03125-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

w

. Bossi, A. et al. Time domain diffuse Raman spectroscopy using single pixel detection. Biomed. Opt. Express. 14, 5749 (2023).
6. Soldevila, F, Durén, V., Clemente, P,, Lancis, J. & Tajahuerce, E. Phase imaging by Spatial wavefront sampling. Optica 5, 164 (2018).
7. Durén, V,, Clemente, P, Fernandez-Alonso, M., Tajahuerce, E. & Lancis, ]. Single-pixel polarimetric imaging. Opt. Lett. 37, 824
(2012).
8. Lowry, S. N,, Flood, J. M., Cheeran, G. R., Reid, M. E. & Collier, C. M. Spatial polarization modulation for Terahertz Single-Pixel
imaging. IEEE Trans. Terahertz Sci. Technol. 14, 386-394 (2024).
9. Wang, X. et al. Perovskite single pixel imaging exceeding the visible towards X-ray and THz. J. Mater. Chem. C Mater. 12, 10857
10873 (2024).
10. Kilcullen, P, Ozaki, T. & Liang, J. Compressed ultrahigh-speed single-pixel imaging by swept aggregate patterns. Nat. Commun.
13, 7879 (2022).
11. Texas, I. & Benjamin, L. Introduction to + 12 Degree Orthogonal Digital Micromirror Devices (DMDs). https://www.ti.com/lit/an/d
Ipa008b/dlpa008b.pdf (2018).
12. Texas, I. & Pascal, N. Geometric Optics for DLP°. https://www.ti.com/lit/an/dlpa044/dlpa044.pdf?ts=1733068222505&ref_url=ht
tps%253A%252F%252Fwww.ti.com%252Fproduct%252FDLP7000 (2013).
13. Liu, Y, Suo, J., Zhang, Y. & Dai, Q. Single-pixel phase and fluorescence microscope. Opt. Express. 26, 32451 (2018).
14. Qiao, Y., Xu, X, Pan, Y. & Li, Y. Research on DMD infrared scene projector with a high contrast ratio infrared Prism design. Optik
(Stuttg). 125, 6854-6859 (2014).
15. Vallés, A., He, J., Ohno, S., Omatsu, T. & Miyamoto, K. Broadband high-resolution Terahertz single-pixel imaging. Opt. Express.
28, 28868 (2020).
16. Zhao, Y. N. et al. Single-pixel dual-mode microscopy for simultaneous acquisition of magnitude and wrapped phase images. Opt.
Laser Technol. 182, 112017 (2025).
17. Watts, C. M. et al. Terahertz compressive imaging with metamaterial Spatial light modulators. Nat. Photonics. 8, 605-609 (2014).
18. Rahimi, E, Jafari, A. K., Hsu, C. A., Ferekides, C. S. & Hoff, A. M. Selective sensing in perovskite-based image sensors. Org.
Electron. 75, 105397 (2019).
19. Soldevila, E. et al. Giga-voxel multidimensional fluorescence imaging combining single-pixel detection and data fusion. Opt. Lett.
46,4312 (2021).
20. Jiang, W, Li, X., Peng, X. & Sun, B. Imaging high-speed moving targets with a single-pixel detector. Opt. Express. 28, 7889 (2020).
21. Xiao, Y., Zhou, L. & Chen, W. Direct Single-Step measurement of Hadamard spectrum using Single-Pixel optical detection. IEEE
Photonics Technol. Lett. 31, 845-848 (2019).
22. Soldevila, F. et al. Single-pixel polarimetric imaging spectrometer by compressive sensing. Appl. Phys. B. 113, 551-558 (2013).
23. Scholes, S., Kara, R., Pinnell, J., Rodriguez-Fajardo, V. & Forbes, A. Structured light with digital micromirror devices: a guide to
best practice. Opt. Eng. 59, 1 (2019).
24. Popoft, S. M., Gutiérrez-Cuevas, R., Bromberg, Y. & Matthés, M. W. A practical guide to digital micro-mirror devices (DMDs) for
wavefront shaping. J. Physics: Photonics. 6, 043001 (2024).
25. Zhang, Z., Wang, X., Zheng, G. & Zhong, ]. Hadamard single-pixel imaging versus fourier single-pixel imaging. Opt. Express. 25,
19619 (2017).
26. Wu, H. et al. Influence of intensity fluctuations on Hadamard-based computational ghost imaging. Opt. Commun. 454, 124490
(2020).
27. Zhao, S., Liu, R., Zhang, P,, Gao, H. & Li, F. Fourier single-pixel reconstruction of a complex amplitude optical field. Opt. Lett. 44,
3278 (2019).
28. Scotté, C., Galland, E. & Rigneault, H. Photon-noise: is a single-pixel camera better than point scanning? A signal-to-noise ratio
analysis for Hadamard and cosine positive modulation. J. Physics: Photonics. 5, 035003 (2023).
29. Sun, S., Zhao, W., Zhai, A. & Wang, D. DCT single-pixel detecting for wavefront measurement. Opt. Laser Technol. 163, 109326
(2023).
30. Lu, Y, Zhao, W,, Zhai, A., Liu, N. & Wang, D. Single-pixel phase imaging via a complex-valued Zernike basis. Opt. Lett. 49, 5363
(2024).
31. Wu, D. et al. Imaging biological tissue with high-throughput single-pixel compressive holography. Nat. Commun. 12, 145 (2021).
32. Clemente, P. et al. Compressive holography with a single-pixel detector. Opt. Lett. 38, 2524 (2013).
33. Deng, Z., Qi, S., Zhang, Z. & Zhong, J. Autofocus fourier single-pixel microscopy. Opt. Lett. 48, 6076 (2023).
34. Ghezzi, A. et al. Computational based time-resolved multispectral fluorescence microscopy. APL Photonics 8, 147 (2023).
35. Born, M. et al. Principles of Optics (Cambridge University Press, 1999). https://doi.org/10.1017/CBO9781139644181.
36. Tobon-Maya, H. et al. Autofocusing method for active Hadamard single-pixel microscopy using gradient descent algorithms. Opt.
Lasers Eng. 185, 108699 (2025).
37. Thorlabs Collimate a Laser with a Shear-Plate Collimation Tester. https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id
=12211&tabname=Video%20Insights#AIOVideoCollimShearPlate (2024).
38. Deng, M. J. et al. Maximizing energy utilization in DMD-based projection lithography. Opt. Express. 30, 4692 (2022).
39. Gong, D., Cai, C,, Strahilevitz, E., Chen, J. & Scherer, N. E Easily scalable multi-color DMD-based structured illumination
microscopy. Opt. Lett. 49, 77 (2024).
40. Lachetta, M. et al. Dual color DMD-SIM by temperature-controlled laser wavelength matching. Opt. Express. 29, 39696 (2021).
41. Zapata-Valencia, S. I. et al. Single-Pixel Microscope Repository. https://osf.io/zgyv3/ (2025).

Author contributions

S.Z.,H.T., and E.T. conceptualized the assembly methodology. They designed and constructed the optical setup.
S.Z., H.T,, and L.O. conceived and conducted the experiments. A.E, J.L., and E.T. conceptualized the research
goals and supervised, advised, and reviewed the research progress. They also administrated the project and
acquired funding. S.Z. prepared the main manuscript and Figs. 1, 2, 3,4, 5, 6, 7, 8, 9 and 10, and H.T. prepared
the main manuscript and Figs. 11, 12, 13 and 14. All the authors discussed the methodology, results and revised
the manuscript.

Funding

Funded by the European Union (GA 101072354). Views and opinions expressed are however those of the au-
thor(s) only and do not necessarily reflect those of the European Union or the European Research Executive
Agency. Neither the European Union nor the granting authority can be held responsible for them. We acknowl-
edge also grant PID2022-1429070B-100 funded by MCIN/AEI/10.13039/501100011033 and “ERDF A way of
making Europe” and grant CIPROM/2023/44 funded by Generalitat Valenciana.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2025) 15:17802 | https://doi.org/10.1038/s41598-025-03125-1 nature portfolio


https://www.ti.com/lit/an/dlpa008b/dlpa008b.pdf
https://www.ti.com/lit/an/dlpa008b/dlpa008b.pdf
https://www.ti.com/lit/an/dlpa044/dlpa044.pdf?ts=1733068222505&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FDLP7000
https://www.ti.com/lit/an/dlpa044/dlpa044.pdf?ts=1733068222505&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FDLP7000
https://doi.org/10.1017/CBO9781139644181
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=12211&tabname=Video%20Insights#AIOVideoCollimShearPlate
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=12211&tabname=Video%20Insights#AIOVideoCollimShearPlate
https://osf.io/zgyv3/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to S.I.Z.-V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports|  (2025) 15:17802 | https://doi.org/10.1038/s41598-025-03125-1 nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Design, assembly, alignment and application of a versatile, open-source, single-pixel microscope
	﻿Single-pixel microscopy (SPM) operational and design factors
	﻿Hadamard basis, sampling and reconstruction
	﻿Field of view and resolution

	﻿Single-Pixel microscope design
	﻿Proposed system overview
	﻿Projection module
	﻿Reflected-light sensing module
	﻿Transmitted-light sensing module
	﻿Illumination coupling module

	﻿Experimental validations
	﻿Conclusions
	﻿References


