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Imaging spectrometer is a critical device for remote sensing in visible and infrared band.
Nowadays, it has become a powerful instrument to obtain three-dimensional hyperspectral cube
(two-dimensional spatial information and one-dimensional spectral information) of targets for
high precision object recognition. However, we often cannot meet the requirements of high
spatial resolution and high spectral resolution at the same time. So there is still a trade-off be-
tween detection speed and data accuracy (including spatial and spectral resolution). In this paper,
we developed a fast and high spectral resolution imaging spectrometer to obtain the spectral-
spatial information with the help of a low-cost and compact galvo-mirror. The spectrometer
has a wavelength resolution of about 10 nm at visible-near infrared band (400 nm-800 nm), and
it can measure two-dimensional spatial images of various biological samples (including corals,
dragon fruits and human hands) at various wavelengths repeatedly. This spectrometer can
facilitate collection of a large number of spectral image data during half cycle of galvo-mirror
scanning. The theoretical acquisition speed of hyperspectral cube can reach more than 1 MHz.
However, at this acquisition speed, the signal-to-noise ratio of the camera is poor, and it is unable
to obtain high-quality signals. We believe that with the improvement of camera performance, our
prototype can obtain hyperspectral data at a higher sampling speed.

1. Introduction

The utilization of imaging spectroscopy is one of the most important developments in the field of remote sensing. Imaging spec-
trometers have the advantages of high spectral resolution and the combination of images and spectra [1,2]. Therefore, they are used in
the screening and surveillance of material components in objects of interest. The characteristic of spectral imaging is that
two-dimensional spatial information and one-dimensional spectral information of the detected object can be obtained at the same
time, and this technology also has the advantage of non-destructive testing. This makes imaging spectrometers widely used in modern
scientific experiments, including biological research [3-6], food monitoring [7-9], agricultural production [10,11] and other fields. As
a high-resolution imaging spectroscopy technology, it is able to support us find and identify various lesions in a non-contact manner.
This technique has been successfully applied in brain surgery [12,13]. At the same time, the combination of hyperspectral imager and
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endoscopy has also attracted wide attention. Hyperspectral endoscopy has been developed and has the possibility of clinical appli-
cations [14-16]. In terms of food safety control, imaging spectroscopy also plays an important role to help us judge the quality of food.
Yao et al. developed a hand-held imaging spectrometer to realize pH non-destructive detection of pork [17]. Meanwhile, hyperspectral
imaging can also be used to non-destructively evaluate fruit quality accurately [18,19]. In archeology and arts protection, Wu et al.
found that the SWIR imaging spectrum technology can not only help us to extract the line features in the painting, but also to identify
the colors in the painting [20].

There are three scanning modes of hyperspectral camera: i. push-broom scan [21], ii. snapshot [22] and iii. adjustable filter [23].
Nowadays, rotational scanning imaging spectroscopy has also been developed for staring spectral imaging, but this technology is not
mature enough [24,25]. The mainstream imaging spectrometer system uses push-broom scan mode. However, the acquisition speed of
hyperspectral cube with push-broom scanning imaging spectrometer is relatively slow, and it usually takes more than a few seconds to
complete a hyperspectral scan. For example, in brain surgery, hyperspectral imaging system can be used to carry out surgical navi-
gation [26]. But its imaging speed is low, so it can’t realize real-time monitoring. In our work, the push-broom module of an imaging
spectrometer was replaced with a galvo-mirror for spatial scanning to obtain the spectral cubes of the objects of interest. While the
scanning period of the galvo-mirror is short, this method enables us to obtain more information of the target quickly. For the current
prototype, the spectral resolution of the imaging spectrometer is about 10 nm, and the spectral range is 400 nm-800 nm. With this
galvo-mirror scanning spectrometer, we performed optical inspection of coral, dragon fruit, and human hand. During the scanning
experiments, the brightness of LED light source is about 500 lumens. Based on the experimental spectral results, we can test the
maturity of dragon fruit and monitor the hemoglobin in human hand. In addition, through the galvo-mirror scanning imaging spec-
trometer, the acquisition speed of hyperspectral cube can reach 1 cube/s. With better lighting conditions and camera performance, the
imaging speed can be further improved.
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Fig. 1. (a) Photo of our imaging spectrometer. (b) Schematic illustration of the imaging spectrometer. A classic prism-grating-prism setup was
selected to build the imaging spectrometer, whose optical elements: (1) imaging lens; (2) slit; (3) doublet lens; (4) prism; (5) grating; (6) prism; (7)
project lens; (8) CMOS camera. (c) Installation photo of galvo-mirror, which was as close to the imaging lens as possible. (d) A spectrum of mercury
lamp obtained by our imaging spectrometer.
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2. Methods and materials

The photo of our galvanometer scanning imaging spectrometer system was shown in Fig. 1(a), and a classic prism-grating-prism
setup was selected as the imaging spectrometer [27] (shown in Fig.1(b)), which consists of an imaging module, a diffraction mod-
ule, and a detection module. Specifically, the spectrometer is made up of inexpensive off-the-shelf optical elements and the use of
transmission grating modules ensures good imaging quality and compact size. Except for the galvo-mirror, the other optical elements
have regular shapes and can be installed in a metal tube. These optical elements can be clamped by two stationary rings (SMO5RR,
Thorlabs, Newton, New Jersey, USA). In our work, we used the slotted tube SMO5L20C to install the doublet lens (3), prism (4, 6) and
grating (5). These (SMO5RR and SM05L20C) could be connected via a mechanical thread. We could rotate the SMO5RR to adjust the
slit orientation. A closed-circuit television imaging (CCTV) lens (1, f =12 mm), whose diameter is about 12 mm, was selected to capture
the external light. This imaging lens was installed at the front of the SM05L20C. When the imaging spectrometer was utilized to detect
object, the light (e.g. fluorescence; or reflected) emitted from a line area of an object entered the system through the imaging lens (1).
The light then projected the image onto the slit (2). A doublet lens (3) collimated the light passing through the slit. Then we used a
prism grating prism module (4-6, 300 lines / mm grating) to extend the spectrum to the detection module. The galvo-mirror was
installed before the imaging lens, as shown in Fig.1(c). A mercury lamp was utilized as a calibrate Light and its detected spectrum was
shown in Fig.1(d), which was consistent with the results of commercial spectrometers [28].

Next, the specific method of galvo-mirror scanning is explained. In high-end laser scanning microscope such as confocal and two-
photon, galvo-mirror was widely used [29]. Hence its technology is very mature and its performance is very stable. The driving method
of the galvo-mirror is simple and easy to use. The scanning angle of the galvo-mirror is proportional to the driving voltage signal, and
the scanning rate can reach the magnitude of MHz, which is more than enough in the spectral scanning. It should be noted that, a silver
mirror can be installed in the galvo mirror system to realize light reflection, and its reflection efficiency is more than 97 % in the band
of 450 nm-2000 nm. Therefore, the loss of light intensity caused by galvo-mirror scanning can be ignored. Herein, a 30 kpps
galvo-mirror was selected as the scanning module and its price was about $250.

During scanning, the galvo-mirror’s rotational angle amplitude was set as 4°, and its working scanning speed is 0.5pps. As shown in
Fig.1(c), the galvo mirror, which was mounted in a GCMO0O01 cage, was controlled by a voltage signal generated by a multifunction
electronic device (USB6008, NI). The rotation angle is proportional to the voltage signal. The galvo-mirror should be as close to the
CCTV lens of the imaging spectrometer as possible, and it should be ensured that the mirror will not collide with the lens during
scanning. The galvo-mirror can reflect the light from the detected object into imaging spectrometer. The CCTV lens connected to the
output port of GCMO001 was used to capture the reflected imaging rays and formed a real image on the slit. After the imaging light
passed through the slit, it entered the imaging spectrometer and finally formed a spectral image on the CMOS sensor. When the angle of
the galvo mirror changes, the real image scanned through a slit. In this way, we obtained the spectral images from all the pixels from

Fig. 2. Schematic illustration of galvo-mirror scanning imaging. 1. Objects of interest, 2. Galvo-mirror, 3. Imaging lens, 4. Slit, 5. Grating. With the
scanning of galvo mirror, the lights of red object, green object and blue object pass through the optical axis of the imaging lens in turn, and enters
the imaging spectrometer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article).
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the objects and the rapid scanning process was realized.

Fig. 2 showed the schematic diagram of galvo mirror scanning imaging. There are three objects in the spatial space, the colors of
which were red, green and blue respectively. With the scanning of galvo mirror, the lights of red object, green object and blue object
passed through the optical axis of the imaging lens in turn, and transmitted through the slit behind the imaging lens, and finally entered
the camera CMOS ship. In this way, the high-speed scanning of spatial objects can be realized. In this scanning mode, we assumed that
the light emitted by the object is approximately transmitted in parallel. This assumption is valid in the case of long-distance detection,
but it cannot be applied for the micro range detection. Because optical remote sensing is usually used to monitor objects at a long
distance, our system is suitable for remote sensing.

3. Results and discussion

In this section, we will introduce and discuss the experimental results from three galvo-mirror scanning experiments. Herein,
human palm, coral and dragon fruit (pitaya) were selected as three samples respectively. Correspondingly, three hyperspectral cubes
were obtained. The spatial intensity distributions extracted from the hyperspectral cubes were consistent with the morphology of the
experimental samples, and the reflection spectra also reflected the characteristic molecular information of the corresponding region.

3.1. Scanning experiment for palm

As mentioned before, the hyperspectral imager can be applied to measure biological tissues. Herein, a hand (shown in Fig. 3(a)) was
selected as the sample for galvo-mirror scanning imaging to verify the in vivo imaging potential of our system. The scanning time was
one second in this experiment and a hyperspectral cube was obtained. Based on the hyperspectral cube, the reflection spatial intensity
distribution of fingertips and palm was extracted and shown in Fig.3(b). The spectra of the finger and palm regions were also derived
from the hyperspectral cube and shown in Fig.5(c) and (d), respectively. Because of the presence of blood, the colour of the hands is
usually pale reddish. From a spectral point of view, this is because hemoglobin in blood will absorb light in the 400 nm-450 nm band
and 550 nm - 600 nm band [30], which can also be found in Fig.5(c) and (d). Because the blood concentration of the palm was lower
than that of the fingertip, the redness presented by the fingertip was deeper than the redness of the palm. So there was more he-
moglobin in the fingertip. Since the finger’s oxygen saturation is about 98 %, the main component of hemoglobin in fingers is
oxyhemoglobin, whose spectral absorption peak is around 580 nm. Fig. 3(c) showed a absorption peak at 580 nm due to oxyhemo-
globin. Because the blood concentration and oxygen saturation of palms were lower than those of fingers, the corresponding light
absorption at 580 nm could not be observed clearly. It is worth noting that, this system can help us to monitor other parts of bio-tissue
immediately without the need to contact the test object.
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Fig. 3. The scanning results of the palm. (a). Photo of a human hand. (b) Spatial intensity distribution obtained from the scanning hyperspectral
cube. (¢) and (d) show the reflectance spectra from the fingertip and palm, respectively.
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3.2. Scanning experiment for coral

To illustrate the performance of the imaging spectrometer, the spectra of coral was also investigated. The photo of the coral was
shown in Fig. 4(a). The center of the coral was white and the surrounding of the coral was red. The chemical composition of corals was
mainly CaCOj3 (calcium carbonate), which existed in the form of microcrystalline calcite aggregates. The cross section of coral has
concentric circles and radial stripes, and its colour is white. Red is formed by corals absorbing about 1% of iron oxide in seawater
during growth. The galvo-mirror imaging spectrometer was used to scan the coral to get hyperspectral cube. The scanning time was
one second. The spatial image was shown in Fig.4(b). We can obtain the reflection spectra of each pixel through the hyperspectral cube.
Among them, the spectra of the white region (marked as S1 region in Fig.4(b)) and the red region (marked as S2 region in Fig.4(b))
were shown in Fig.4(c) and (d), respectively. Obviously, the reflection spectrum of white area was more abundant. For example, in the
400 nm-500 nm band and 500 nm-600 nm band, the reflection spectrum from the white region was stronger than that from the red
region. The reflection spectrum of red region was mainly concentrated in the band of 600 nm-700 nm. The intensity profiles of these
two spectra were consistent with the colour characteristics of coral surface.

3.3. Scanning experiment for dragon fruit

Next, a dragon fruit was used as the sample for galvo-mirror scanning. The photo of the dragon fruit was shown in Fig.5 (a). The
outer skin of the dragon fruit is the fruit peel. From flowering to fruit maturity, the colour of the peel gradually changes from green to
red. As shown in Fig.5(a), For this ripe dragon fruit, only the marginal peel was green. The spatial image was shown in Fig. 5(b). The
reflection spectrum of green fruit peel region (marked as S1 in Fig.5(b)) was shown in Fig.5(c). Observing this spectral waveform,
There was a strong reflectivity in the green light band (500 nm - 600 nm), and an obvious light absorption appeared near 680 nm. This
is because there was chlorophyll in the green fruit peel, which absorbed the red light. In the process of fruit ripening, chlorophyll was
degraded. Therefore, in the reflection spectrum of red region (ripe fruit peel, marked as S2 in Fig.5(b)), there was no obvious ab-
sorption near 680 nm.
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Fig. 4. The scanning results of the coral sample. (a). Photo of the coral sample. (b). Spatial intensity distribution obtained from the scanning
hyperspectral cube. (c) and (d) show the reflectance spectra from the white region and the red region of the coral, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 5. The scanning results of the dragon fruit sample. (a). Photo of the dragon fruit sample. (b). Spatial intensity distribution obtained from the
scanning hyperspectral cube. The spectra of the green and ripe fruit peel are shown in (c) and (d), respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

4. Conclusion

Traditional imaging spectrometer usually needs to add relay imaging module, and use electromechanical stage to realize linear
scanning of spatial dimension. We present a fast hyperspectral imager driven by a low-cost and compact galvo-mirror and verify its
feasibility through experiments. The spectrometer has a wavelength resolution of about 10 nm at visible-near infrared band (400
nm-800 nm), and it can measure two-dimensional spatial images of various biological samples (including corals, dragon fruits and
human hands) at various wavelengths repeatedly. Based our system, the hyperspectral cube of the detected object can be obtained in
one second. During the experiments, the illumination intensity is about 500 lumens, and the camera we choose is an ordinary uncooled
CMOS camera.

In our system, scanning galvo-mirror is installed in front of the imaging lens at the front end of the imaging spectrometer, and
hyperspectral data is obtained through the angle scanning of galvanometer. The first advantage of this system is high cost performance.
Scanning galvanometer is a kind of mature optical mechanical and electrical component, which only needs sawtooth voltage signal to
drive it. Scanning speed is the second important advantage of scanning galvanometer. In the confocal / two-photon scanning imaging
system, the scanning speed of galvanometer can reach 10* Hz-10° Hz. If the frame rate of the camera can reach 10 fps, our system can
acquire one hyperspectral cube of a detected object with 1000 x 1000 pixels in 0.1 s. If we keep the spatial pixels unchanged and
increase the frame rate of the camera, we can further improve the efficiency of hyperspectral acquisition. Therefore, our system has the
potential to become a hyperspectral video recorder (about 24 cubes/second). At present, the frame rate of most mainstream cameras is
about 100 fps. Therefore, the shortness that limits our system’s acquisition efficiency mainly lies in the frame rate of camera. In the
near future, we believe that with the improvement of camera performance, our prototype can obtain hyperspectral data with higher
sampling speed for real-time hyperspectral monitoring.
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