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ABSTRACT

Hyperspectral imaging allows to reconstruct both spatial and quasi-continuous spectral information of an object
(i.e., an hypercube), unlike multispectral imaging where the spectrum is divided in few bands. This work
shows the innovating combination of single-pixel hyperspectral imaging with reflective-mode optical microscopy
to retrieve high-spatial-resolution hypercubes of samples in the visible and in the near-infrared ranges. The
spatial resolution reaches around 2.5 µm and the spectral information is sampled over around 200 spectral bands.
Furthermore, statistical algorithms enables the clustering of regions of interest of inorganic and organic samples
and the identification of spectral responses of targeted cells.
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1. INTRODUCTION

Hyperspectral imaging is an imaging technique where the continuous spectral distribution of an object is recon-
structed (i.e., an hyperspectral data cube or an hypercube). In multispectral imaging, the spectrum is divided
in few bands. To encode both spatial and spectral information of macroscopic and microscopic samples, hy-
perspectral imagers are commonly based on a punctual approach1 (e.g., whiskbroom), a linear approach2 (e.g.,
pushbroom), or on a wavelength-tunable illumination.3,4 Fourier-transform-based of interference signal has also
been investigated to extract the spectral properties of landscapes in the mid-infrared range5 or of materials in
the visible range.6 Hyperspectral imaging appears to be promising in life sciences (e.g., in biomedical7 and in
vegetal sciences8,9). However, this imaging technique is however not much currently used in industry or by
consumer,4 and even less in microscopy.10 Indeed, its cost and is performance (i.e., the spatial resolution, the
number of spectral bands, and the frame rate) may hinder in some applications.

Recently, hyperspectral imaging systems working in the visible11,12 or in the near-infrared regions13 have been
reported. They are based on single-pixel imaging14 where a sequence of illumination patterns is superimposed
on the scene and the averaged intensity is recorded by a detector. The lateral resolution in single-pixel imaging
has been increased through a microscope objective15 (∼ 3 µm of resolution with 128 × 128 pixels). By replacing
the punctual sensor with a spectrometer, original works in hyperspectral microscopy have been reported e.g. on
low-absorption samples16 or working in the mid-infrared region.17 Recently, a transmission-mode hyperspectral
microscope where the collected frame is spatially encoded has been developed.18 A spatial resolution down to
7 µm is achieved in the visible range.

In this work, a spatial-frequency-domain hyperspectral microscope was developed in reflection mode us-
ing an active illumination. The projection of successive patterns were performed by a DMD-aided projector
through the objective lens and the hypercubes of the sample were reconstructed using the ONE-PIX algo-
rithm.19 Spectral-intensity distribution of non-organic and biological samples were retrieved. This allows then
to apply segmentation algorithms and to identify the spectral response of cells.
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2. SPATIAL-FREQUENCY-DOMAIN HYPERSPECTRAL MICROSCOPE

Figure 1 shows the experimental setup of the reflective-mode hyperspectral microscope. The generated Hadamard
patterns are generated by the digital micromirror device (DMD) in the projector (Fig. 1(b)) and directed by
a couple of lenses and a beam splitter cube through the microscope objective (×20, NA = 0.4). The field
diaphragm of the Köhler illumination architecture allows to adapt the beam diameter with the entrance pupil
of the microscope objective and to maximise the high-spatial-frequency projection. The 800 × 600-pixels-size
binary frames are thus superimposed on the sample to be observed (Fig. 1(c)). In this case, the contrast of the
Hadamard patterns reaches up to 65%.

Figure 1. Hyperspectral microscope. (a) Layout of the imaging system. (b) Photograph of the on-bench imaging system.
(c) Hadamard pattern superimposed on optical fiber.

The back-scattered signal is then collected by the microscope objective and transmitted to a second beam
splitter cube. The reflected frame is imaged on a camera in order to observe in real-time the object field. The
transmitted irradiance is focused by a lens to enhance the injection ability into a 400-µm-diameter optical fiber.
At the end of the optical fiber, a spectrometer samples the averaged spectral intensity. The synchronisation of
the spectrometer with the projector is made with a software trigger as shown in Ref.19 Hypercube of the sample
is then retrieved by applying an inverse-transform operation based on the Hadamard basis.

In our case, the Hadamard basis is used (instead of Fourier basis) to avoid the generation of Moiré patterns.
Indeed, these latter lead to low-frequency noises which interfere with the high-spatial-frequency projected pattern
and, then, damage the reconstruction of the hypercube.
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3. PERFORMANCE

Figure 2 shows the hypercube reconstruction of a slightly curved slit on a metal layer. The width of the calibrated
slit is of 11µm. In this case, the hypercube of the target was reconstructed using 64 × 64 pixels, leading to a
spatial sampling of around 3 µm. Figure 2(b) shows the RGB reconstruction image from hypercube where a dust
introduced itself during the measurement. The spatial resolution of the single-pixel hyperspectral microscope is
limited by the ability of the illumination part to project high-spatial-frequency patterns and thus the acquisition
time. The higher the lateral resolution, the lower the frame rate is. Acquisitions using a passive mode can also
be considered to decrease the measurement duration.20

Figure 2. Characterisation of the hyperspectral microscope. (a) Monochrome view of the target through the camera.
(b) RGB image reconstruction of the target (64 × 64 pixels). (c) Clustering (dimension of PCA = 300, number of
clusters = 2). (d) Averaged spectra of the target from the two clusters.

The spectrometer consists of a 2048-pixels line sensor working between 350 nm and 1100 nm. In our case,
the lamp of the projector however limits the spectral range of the hyperspectral microscope up to 800 nm. The
spectral resolution reaches around 2 nm. The spectra of cluster of interest (Fig. 2(c)) can thus be extracted19

and drawn using 225 spectral bands in this case.

4. RESULTS

4.1 Printed circuit board

First, a copper sample from a printed circuit board was used to attest the spectral information retrieval. The
monochrome image of the conductive layer is shown in Fig. 3(a), highlighting stripes and black defects on
the surface. The RGB frame is reconstructed from the hypercube acquired with the hyperspectral microscope
(Fig. 3(b)) and a clustering algorithm implemented (Fig. 3(c)). Then, the reflectance response of the copper
layer was extracted and averaged over the area of the cluster of interest (Fig. 3(d)). Normalised, we can see that
the reflectance spectrum is similar to the experimental data from literature.21 We can see the typical increase
of the reflectance amplitude in the red part (down to 550 nm) and, then, its stabilisation.
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Figure 3. Hyperspectral reconstruction of a copper layer. (a) Monochrome view of the layer through the camera. (b) RGB
image reconstruction of the layer (64 × 64 pixels). (c) Clustering (dimension of PCA = 100, number of clusters = 2). (d)
Normalised spectrum of the copper layer from the clusters and from the literature.

4.2 Metal-coated optical fibre

Within the framework of a collaborative project (3F2E Project), Photonics Bretagne has developed optical fibres
with metallic coating for nuclear applications. The cladding of these optical fibres can be covered by a fine layer of
aluminium or of copper. The manufacturing process for the copper coating sometimes leads to cracks or structure
on the surface, unlike to the one for the aluminium coating where the surface is smooth. Figure 4(a) shows the
top surface of a copper-coated optical fibre through the camera. Then, the hypercube of the fibre section was
reconstructed (Fig. 4(b)). The RGB reconstruction image consists of iridescent area which are more-and-more
accentuated on the edge. This phenomenon is mainly due to the lower numerical aperture of the microscope
objective than the spherical shape of the optical fiber. Moreover, diffraction effects may also be damage the
reconstruction. In this case, three clusters were retrieved by the statistical algorithm (i.e., top surface, edge, and
background).

Figure 4. Hyperspectral reconstruction of metal-coated optical fibre. (a) Monochrome view of the optical fibre surface
through the camera. (b) RGB image reconstruction of the optical fiber surface (64 × 64 pixels). (c) Clustering (dimension
of PCA = 300, number of clusters = 3). (d) Normalised spectrum of the algae from two clusters.
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