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ABSTRACT 

Light-Guide Snapshot Imaging Spectrometer for Biomedical 

Applications 

 by 

Ye Wang 

Fiber-based snapshot imaging spectrometer has found increasing potential 

of applications in the field of biomedical imaging these years. However, currently 

the technique’s spatial and spectral sampling still need improvement for most 

requirements in biomedical applications. In this thesis, I propose a strategy design 

and proof-of-principle prototype system of fiber-based snapshot imaging 

spectrometer to provide a solution for increasing the spatial and spectral sampling. 

Through a custom fabricated fiber bundle, the object image is collected with an 81 x 

96 spatial sampling, then divided into 3 x 96 spatial groups with gaps in between for 

dispersion, and finally captured by a CCD camera. To extract the (x, y, λ) datacube 

from the raw image, a spectral calibration algorithm is implemented to locate each 

wavelength and obtain point spectrum. Then a phase-shifting spatial calibration 

procedure is performed to remap the fibers and reconstruct single channel images. 

The prototype system is designed for visible range from 400 nm to 700 nm and is 

able to record 71 spectral samples within the range. Preliminary results of oxygen-

saturation in occluded finger are presented to show the system spectral and spatial 

resolving ability. The fibers are packed in an efficient way and the system could be 



 
 

scalable to larger formats with higher spatial sampling. The gaps between fiber 

groups are designed to be tunable to enable high spectral sampling which has 

advantage in medical devices such as optical coherence tomography (OCT) in the 

future. 
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Chapter 1 

Introduction 

1.1. Hyperspectral Imaging (HSI) 

Spectral imaging, also called imaging spectrometry, is an imaging technology 

which captures the object’s channel image together with the spectrum of each pixel 

in the image.  The obtained result is typically called a three-dimensional datacube (x, 

y, λ) which includes the optical intensity in two spatial (x, y) and one spectral (λ) 

coordinate’s sampling. Spectral imaging could be divided as multispectral imaging 

and hyperspectral imaging. According to the recent literature [1], multispectral 

imaging usually has a spectral resolution lower than 10 nm, spectral bands from 3 to 

tens and normally spaced spectral band. While hyperspectral imaging usually has a 

spectral resolution higher than 10 nm, spectral bands from tens to hundreds and 

continuous spaced spectral band. So HSI usually provides higher spectral resolution 

and more details in spectral signatures  which has found broad applications in fields 



 2 

with the demand of object detection and materials identification including 

astronomy, remote sensing, geosciences, agriculture, surveillance and biomedical 

imaging [1-4].  

Typically, HSI requires scanning when collecting the datacube. The scanning 

strategies can be classified into spatial scanning and spectral scanning (Figure 1-1 –

Three-dimentional datacube and data acquisition mode in hyperspectral imaging) 

[1]. Spatial scanning measures the point spectrum (λ) in a single exposure and scans 

through spatial positions (x, y), either point by point (whiskbroom) [38] or line by 

line (push-broom) [39]. Spectral scanning obtains a single channel image (x, y) at a 

time and step through wavelengths (λ) [40] or scans through frequency or phase in 

Fourier domain [9].  

  

Figure 1-1 –Three-dimentional datacube and data acquisition mode in 

hyperspectral imaging [1] 
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However, scanning may introduce motion artifacts and is undesirable for 

dynamic objects. Therefore, in recent years, to obtain the datacube (x, y, λ) within a 

single exposure, snapshot HSI techniques have been developed. Several snapshot 

techniques implement computational methods such as compressive sensing (CASSI) 

[5], tomographic reconstruction (CTIS) [6], Fourier transformation (SHIFT) [7] and 

channeled imaging polarimetry (MSI) [8]. Because of the required computational 

reconstruction before generating the datacube, these techniques are called indirect 

snapshot HSI. The extensive post-processing may introduce computational artifacts 

and also slow down the imaging process [9].  Several direct snapshot HSI systems 

without need of reconstruction have emerged recently, such as Image Mapping 

Spectrometry (IMS) [11-12]. Other direct techniques include imaging spectrometry 

using hyper-pixels [13], filter stack [14], light field architecture [15] and optical 

fiber bundle [16-24]. 

1.2. Biomedical Applications of Hyperspectral Imaging 

Hyperspectral imaging provides material’s specific spectral signatures, which 

makes it an important tool in object identifying. It has found numerous applications 

in biomedical imaging, such as cell signaling and disease diagnosing.  

For example, fluorescence has long been recognized as a powerful tool for 

probing, tracking and quantifying protein and cells to visualize the inner network of 

complex biological systems [33]. Traditional methods which obtain single bands to 

identify fluorophores and use thresholds to quantify their densities are often 
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insufficient in precision due to the low signal-to noise ratios [32]. Moreover, with 

increasing varieties of chromophores discovered and biosensors developed in 

biological research, multiple biomarkers are usually monitored simultaneously to 

study a certain biological process [1]. Therefore HSI is increasingly being used as an 

accurate and precise instrument to track and quantify cell signaling process.  

HSI is also widely applied in disease screening, detection and diagnosis. For 

example, in cancer detection, it captures the images of a large tissue area and 

quantifies the alteration in absorption, scattering and fluorescence properties, 

therefore reveals the biochemical and morphological changes caused by cancer cell 

metabolism and lesions [4]. Figure 1-2 Hyperspectral image of melanoma lesion 

with transmission spectra in nuclear and interstitial areas shows image of a 

melanoma lesion showing the difference in the transmission spectra in nuclear and 

interstitial areas [34]. Nowadays HSI has been applied in detections of a large 

variety of cancers including cervix, breast, colon, gastrointestine, skin, ovary, 

urothelial carcinoma and so on. Moreover, other than cancer, HIS also found broad 

applications in the diagnosis of cardiac, ischemic, retinal and kidney disease as well 

as skin burn and diabetes [4]. 
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Figure 1-2 Hyperspectral image of melanoma lesion with transmission spectra 

in nuclear and interstitial areas 

1.3. Fiber-Based Snapshot Imaging Spectrometer 

The concept of fiber-based snapshot spectrometer was initially introduced in 

astronomy where the spectrometer is typically combined with a telescope [25] to 

identify celestial bodies. An optical fiber bundle called maneuverable coherence 

fiber bundle (Figure 1-3) [3] was used as an image collection and division element 

in the spectrometer.  The output end of the fiber bundle is usually reformatted into a 

single fiber column that acts as the input to a dispersive hyperspectral imaging 

system [3].  

 

Figure 1-3 snapshot HSI using a maneuverable coherence fiber bundle [3] 
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Fiber-based snapshot spectrometer has found increasing application 

potentials in biomedical imaging in recent years [16-23, 32].Figure 1-4 shows a 

retina imaged by a fiber bundle consisting of 458 individual fibers [20], which 

imaged the entire optic nerve head and some surrounding area and obtained the 

relative oxygen saturation map. 

 

Figure 1-4 a retina imaged by a fiber bundle snapshot spectrometer,  

where the color dots show the positions of fibers [20] 

However, for imaging spectrometer based on maneuverable coherence fiber 

bundle, the maximum number of fibers in the system is usually limited by the 

detector array length and the system’s spatial sampling is restricted accordingly. So 

far the largest reported spatial sampling of a fiber-based snapshot spectrometer was 

44×40 by Kriesel et al [22], with 300 spectral samples. The authors split the fiber 

bundle into 4 spectrometers and recombined the datacube to overcome the 
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sampling limit to some extent. However, the spatial sampling is still not high enough 

for the use in biological imaging. A 100 x 100 fiber optic snapshot imager was 

proposed recently, but with only theoretical model [24]. Additionally, this type of 

design may cause broken fibers in fabrication [3].  

In this thesis I present the prototype of a fiber-based snapshot spectrometer 

to provide a solution to improving spatial and spectral sampling in a tunable way. 

Images were collected and divided by a custom fabricated fiber bundle where the 

design is shown in Figure 1-5. The white dots represent fibers and the color lines 

represent dispersion. The captured image is later dispersed into their neighboring 

void regions by a prism, and then recorded by a CCD camera within a single 

integration period. In this way the system spatial sampling was increased while 

avoiding potential destruction of fibers in traditional designs mentioned above. 

Moreover, the gaps between fiber groups are designed to be tunable to increase 

spectral sampling, which has advantage in medical devices such as OCT in the future. 

The fibers are packed in an efficient way and the system is scalable to larger formats 

with higher spatial sampling. 
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Figure 1-5 Design of a fiber-based snapshot hyperspectral imaging system
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Chapter 2 

Materials and Methods  

2.1. System Design 

The custom-fabricated fiber bundle is the key element in the snapshot HSI 

system which collects and divides the object images into zones for later dispersion 

and recording. As shown in Figure 2-1, at the input end of the bundle, fibers are 

designed to be closely stacked together as a 96 x 81 matrix. At the output end the 

fibers are tightly packed along one of the directions, but separated into 27 groups 

along the other direction, with 3 rows of fibers in each group, i.e. 96 x 3 fibers each 

group. The image coming out of the output end will be dispersed by a prism, and 

captured by a CCD camera. In this way the three-dimensional (x, y, λ) datacube can 

be recorded within a two-dimensional raw image in a snapshot. 
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Figure 2-1 design of the image collection fiber bundle 

Therefore, the recorded image should take full advantage of the void spaces 

between fibers, but avoid overlapping between neighboring spectral lines which 

would otherwise introduce crosstalk. Figure 2-2 Configuration of spectral lines in 

fiber bundle for group of 4, 3 and 2 rows depicts the configuration of spectral lines 

when the fibers were divided into groups of 4, 3 and 2 rows. The width of lines is 

62.5 um (the fiber core diameter) and the core-to-core distance is 250 um. This 

means that the space between two neighboring cores can accommodate no more 

than four widths of lines, so group of more than 4 rows would have overlapping. 

When the number of row is 4, there would be no space between lines so there would 

be zero tolerance of aberration. Therefore, the number of rows in one group was 
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determined to be 3. Group of less than 3 rows don’t fully use the void spaces 

between cores. 

 

Figure 2-2 Configuration of spectral lines in fiber bundle for group of 4, 3 and 

2 rows 

Figure 2-3 illustrates the calculation of the optimal rotation angle between 

fiber alignment and prism orientation. The lines should be evenly aligned in the 

available space. In group of 3, the tangent of the best angle should be one-third of 

the core-to-core distance divided by the row-to-row distance, as shwon in Equation 

1. The optimal angle is calculated to be 13.39 degrees. 

tan(𝜃) =

1
3 𝑑𝑐𝑜𝑟𝑒−𝑐𝑜𝑟𝑒

𝑑𝑟𝑜𝑤−𝑟𝑜𝑤
  

Equation 1 fiber bundle rotation angle 
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Figure 2-3 calculation of dispersion rotation angle calculations 

 

2.2. Prototype System Setup 

A photo of the prototype system setup together with a schematic layout is 

shown in Figure 2-4. The system can be coupled with any fore-optics such as a 

microscope side port or a magnification relay system. Here the object is imaged by a 

photographic lens (Hasselblad Normal 80mm f/2.8 HC Auto Focus Lens) and is 

focused on the fiber bundle input end. The image collected by the fiber bundle input 

is separated into zones at the output end. Then the whole image size is scaled down 

by a 3:1 image taper to be fitted to smaller optical components. The rescaled image 

is collimated by an Olympus objective (MVPLAPO 1x, NA=0.25, WD=65 mm, 

FOV=34.5mm) and dispersed by a 50mm x 50mm prism. Then the image is focused 

by a photographic lens (Sigma 85mm f/1.4 EX DG HSM Lens) on a CCD camera 
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(Bobcat ICL-B6640M, Maximum Resolution 6600 x 4400) and captured within a 

single period of integration. I controlled the built-in adjustable stop (which is buried 

inside the Sigma EX photographic lens) as the system’s aperture stop. 

 

Figure 2-4 Prototype system setup 

Because the Sigma 85mm f/1.4 EX DG HSM Lens is a commercial 

photographic lens which is only calibrated for two single wavelengths, the different 

wavelengths on the spectral lines can’t be focused on the detector simultaneously, 

which gave rise to overlapping between lines. In order to reduce the chromatic 

aberration, we tried a pair of extension tubes (Canon Extension Tube EF 12 II) to 

control the built-in adjustable stop buried inside the Sigma EX photographic lens 

(Figure 2-5) by operating a Canon camera body which is separately mounted near 

the Sigma lens.  
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Figure 2-5 Extension tubes connecting the Canon camera body and the 

focusing lens to control the built-in adjustable stop 

2.3. Fiber Bundle Fabrication 

The fiber bundle was made from fiber ribbons shown in Figure 2-6a. I used 

ribbons instead of single fibers to improve the uniformity in fiber alignment. The 

fiber ribbons found on market are available in fiber counts of 4, 6, 8, 12 and 24. But 

the 24-ribbon generally has to be customized with long lead time and large 

minimum fabrication quantity. Therefore I chose the 12-fiber ribbon as our raw 

material. The ribbon I used is made of 12 InfiniCor®  300 Multi-mode fibers with 

62.5 um core and 125 um cladding. Although this kind of fiber is originally designed 

for telecommunication with infrared peak performance, in our design the fiber 

length is short enough to ignore the light loss. 



 15 

 

Figure 2-6 Process of fiber bundle fabrication (a) multimode 12-fiber ribbon. 

(b) 3 pieces of ribbon glued together in the mold as a small bundle. (c) 8 small 

bundles glued together in a mold as a large bundle. (d) assembly of a complete 

fiber bundle (e) separated output ends with spacers in between (f) polishing 

the ends of bundle 

2.3.1. Fiber Assembly with Molds and Adhesive 

First, three fiber ribbons with length around 4.5 inches were stacked in a 

custom mold which is shown in Figure 2-6b and Figure 2-7. Epoxy 

(Double/Bubble®  Machineable Fast Setting Epoxy Adhesive) was applied between 

layers as adhesive. The viscous and opaque epoxy prevents the leak of light by 

seeping in between ribbons. The mold is made of Teflon®  PTFE which is non-

adhesive to epoxy. A Teflon strip with similar size to ribbon was put on top of the 

fiber ribbons and a clamp was used to squeeze downward until the epoxy dried out 

(Figure 2-7). In this way a firm and solid 3-layer small-group with 12 x 3 fibers was 

completed. Then 8 such small-groups were put together side by side in a large mold 
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with epoxies applied in between. In the same way, a 96 x 3 complete group was 

finished (Figure 2-6c).  

  

Figure 2-7 Assembly of a 3-layer small-group with 12 x 3 fibers using Teflon 

mold and epoxy 

2.3.2. Laser Cutting 

To create an even input and output plane, the bundles were cut by the laser 

cutter at both ends (Figure 2-6d). The laser cutter offers quick cut with enough 

precision (error < 10 um). Since the laser has a certain depth of focus, the laser 

cutter only works for less than 3 layers of ribbons. This is another reason of 

choosing groups of 3 in the design. 
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2.3.3. Assembly of a Complete Fiber Bundle 

After finishing fabricating 27 complete groups, epoxy was smeared between 

bundles near input side to glue this end together (Figure 2-6e). Extra glue was 

applied around to reinforce adhesion. After fixing the input end, the output ends 

were separated by pacers inserted in between. I first tried rubber as the spacer 

material because of its elasticity which potentially enables adjusting the dispersion 

space. However, the center rubber blocks suffered from heavier pressure and were 

squeezed to be thinner than the marginal rubber blocks, giving rise to an uneven-

distributed output: smaller dispersion space in center and larger space on the edge. 

In order to create an even distribution, I changed the spacer with a set of 3D-printed 

solid spacers. In 3D printing the thickness of spacers could be precisely controlled 

with accuracy of 0.032 mm (Figure 2-6f). 

2.3.4. Polishing Fiber Ends 

Figure 2-8a shows the end surface under the microscope after laser cutting. 

During the laser cutting, because the cladding material in the fiber ribbons has a 

lower melting point than the core, it evaporates faster, leaving the cores covered by 

melted claddings protruding outward. The debris and ash of melted materials also 

piled up at the end surface and may influence light transmittance. To improve the 

end quality and increase light transmittance, I polished the cut ends using an 

automatic polisher. Both ends were polished by a 12 um silicon carbide pad for 10 

min,  an 1 um silicon carbide pad for 1min and a 0.1 um diamond pad for 1 min in 

sequence. Figure 2-8b shows that after polishing, the ends were flattened, with 
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melted claddings and debris covering the cores removed. Figure 2-9 is the white 

light interferometer image showing one fiber end shape after polishing. The 

roughness of the core end was 11 nm according to the white light interferometer 

inspection. Figure 2-8c and Figure 2-8d shows the light transmittance. Before 

polishing, the fiber’s light transmittance was irregular. After polishing, the light 

transmittance for individual fibers became even. 

  

Figure 2-8 Microscope photo of fiber bundle end before polishing (b) 

microscope photo of fiber bundle end after polishing, (c) light transmittance 

image before polishing (d) light transmittance image after polishing 
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Figure 2-9 white light interferometer image showing one fiber end shape after 

polishing 

Another purpose of polishing is to guarantee that the output ends of all 

groups are at a same plane. As shown in Figure 2-10a, because the fiber bundles are 

manually glued together, it’s difficult to keep the output ends of all groups at a 

perfect plane. Practice showed that when the difference of output axial positions 

between groups exceeds 50 um, the image becomes blurred and the dispersed lines 

become overlapped. Figure 2-10b shows a flat output plane after polishing.  
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 Figure 2-10 comparison of the output ends of fiber groups in the bundle 

before (a) and after (b) polishing (c) photo of the completed fiber bundle 

I also tried manual polishing by holding the end of bundle against a rotating 

polishing disk. However, the result was not desirable as the light transmittance 

varied a lot from fiber to fiber. Figure 2-11 displays the comparison of manual 

polishing and machine polishing result, where the machine polished fiber bundle 

presents a more even light throughput. 

 

Figure 2-11 Comparation of light transmittance after manual and machine 

polishing 
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2.4. System Calibration   

Figure 2-12 shows a part of the flat-field raw image captured by the detector. 

Fiber spots were dispersed into lines which reveal the spectrum of the illumination 

light source (Thorlabs MCWHL2 white LED) from 420 nm to 660 nm. Overlapping 

between spectral lines was eliminated after rotating the fiber bundle relative to the 

dispersion direction by the angle calculated in Equation 1 . To remove artifacts 

caused by the variations in sensitivity of the fibers as well as the light source 

spectrum, flat-field correction was performed on the object’s raw images before 

further processing. The object’s images were divided by the flat-field images after 

subtracted by the dark-field images.  

  

Figure 2-12 Flat-field image illuminated with a white LED   
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The calibration procedure consists of two steps: (1) locating each wavelength 

on the spectral lines, i.e., spectral calibration, (2) finding the corresponding input 

fiber positions for each output fibers, i.e., spatial calibration. 

2.4.1. Spectral Calibration   

For spectral calibration, I first used three one-nm filters (488nm, 514.5nm, 

632.8nm) to obtain three single-channel flat-field images. According to these images, 

I calibrated the positions of wavelengths from 450nm to 650nm by implementing a 

custom-developed spectral calibration program in Matlab 2011a (Mathworks). The 

program begins by a region detection algorithm to identify spots on the image and a 

center-of-mass algorithm to locate the spots’ centroids (Figure 2-13). Then the 

centroids from the three channels are connected in a way that the three centroids 

belonging to the same complete spectral line are grouped together according to 

their relative positions. With positions of three single wavelengths, each spectral 

line is fitted polynomial and channel positions are calculated for wavelengths of 

[450:3.5:650] nm. Then the calculated channel positions were located on the raw 

image and the corresponding intensities were estimated by an interpolation 

algorithm. The estimated intensities on a single spectral line formed the point 

spectrum. 
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Figure 2-13 spectral calibration procedures on raw image: blue, green and red 

dots correspond to the positions of 3 single-wavelengths: 488nm, 514.5nm, 

632.8nm. 

2.4.2.  Spatial Calibration        

From input to output, fibers’ arrangement changed from a matrix to 27 

separate groups, which caused fiber position displacement. Furthermore, the 

manual fabrication process led to a slight incoherence, i.e., position deviations 

between input and output within each group, which may result in image distortion. 

Therefore, a spatial calibration was performed to find the fibers output ends’ 

corresponding input positions.  
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Figure 2-14 Phase-shiftting calibration system setup 

As shown in Figure 2-14, a projector was aligned in front of a photographic 

lens to focus the projected image onto the fiber bundle input end. Two sets of gray-

scale sinusoidal patterns (intensity varies sinusoidally along one direction and 

remains unchanged in the other direction, shown in Figure 2-15) were generated for 

x and y directions respectively in Matlab 2011a (Mathworks). Each direction’s set 

consists of six same sinusoidal patterns with only phase shifted in a constant step. 

The six patterns were projected in time sequence on the fiber bundle input end and 

the corresponding output images were captured by the detector. Through image 

processing in Matlab, I obtained the centroid intensities of fiber spots on the images. 

With the six phase-shifted intensities for each spot, according to the 6-bucket 

algorithm [26], I calculated the spot’s original phase in the sinusoidal pattern. 
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Because the phase increases linearly in the sinusoidal pattern, the input fiber 

positions were calculated from the phase. For the other direction I repeated the 

procedure. Therefore the complete input position value (x, y) for every fiber on the 

image were obtained. 

 

Figure 2-15 Six phase-shiftted sinusoidal patterns projected on the fiber 

bundle input end 

To reconstruct the single channel images, I collected the intensities for one 

channel in each of the lines obtained from spectral calibration results, and 

remapped them according to the spatial calibration results. An interpolation 

algorithm was used to estimate the values in the void region between fibers and in 

this way the single channel images were reconstructed.  
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Figure 2-16 Reconstructed channel images for USAF resolution target 

To improve the precision of the phase-shifting calibration, I generated 

sinusoidal patterns of two periods and 4 periods and projected them onto fiber 

bundle input end. The algorithm could only calculate phase from –Pi to Pi but the 

actual phases belong to more than one period. Thus, I wrote programs in Matlab to 

“unwrap” the phase and decode the fiber’s real spatial positions. With increasing 

periods of pattern projected, the reconstruction becomes more and more accurate. 
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Figure 2-17 Comparison of different periods of pattern results 
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Chapter 3 

Results 

3.1. Hemoglobin Spectrum Measurement 

To examine the system performance, first we measured the emission 

spectrum of two LED (Thorlabs’ Mounted High Power LED M530L3 and M625L3) 

with the fiber bundle system. We illuminated the whole fiber bundle input end with 

the LEDs and averaged the measured spectrum from all the fibers and then plotted 

the results for M530L3 and M625L3. The error bar is the standard deviation of the 

intensity as measured over the area of the individual fibers. In the next step LEDs’ 

spectrum was measured with the Ocean Optics Modular Spectrometer to provide 

reference data. The plot of spectral density functions of LED diode measured by 

both instruments are presented in Figure 3-1 and Figure 3-2. The deviations of peak 

position measured by the two systems were within 3 nm, which are smaller than 

our fiber bundle system spectral resolution which is 3.5 nm. 
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Figure 3-1 Comparison of LED emission spectrum of M530L3 measured by 

fiber bundle system (red line with error bars) and Ocean Optics spectrometer 

(blue line) 

 

Figure 3-2 Comparison of LED emission spectrum of M625L3 measured by 

fiber bundle system (red line with error bars) and Ocean Optics spectrometer 

(blue line) 
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To examine the system performance, I investigated the oxygen saturation in 

an arterial finger occlusion experiment (with a Rice University IRB-approved 

normal volunteer protocol) using our prototype system. At the beginning one of the 

fingers was arterial occluded with a rubber band, as shown in Figure 3-3a (RGB 

reference camera image). The first image of the fingers was taken at 10 seconds 

after the occlusion. Then images were taken by the fiber bundle system at 30s, 50s, 

70s and 90s with an exposure time around 0.2s. The rubber band was removed at 

60s (Figure 3-3b). So the first three images (10s, 30s and 50s) reflect the occluded 

finger, while the last 2 images (70s and 90s) reflect the circulation recovery. Figure 

3-3c is the reconstructed single channel image (600 nm) from the prototype system. 

The area imaged by the fiber bundle is indicated by the red rectangle in Figure 3-3a 

where the occluded finger is in the center.  

  

Figure 3-3 Finger occlusion experiment 
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I calculated the absorption spectrum for every pixel on the image and 

calculated the averaged spectrum over the central area of the occluded finger as 

shown in red in Figure 3-4. For the first three images where the artery was 

occluded, there’s a peak between 550 and 600 nm which is characteristic for deoxy-

hemoglobin. For the last two images which present the circulation recovery, their 

spectra contain the characteristic oxy-hemoglobin peaks at 540 and 580 nm 

respectively.   
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Figure 3-4 Averaged spectrum over central area of the occluded finger before 

and after occlusion removal 

I used the spectrum at 50s and 70s as “standard spectrum” for deoxy-

hemoglobin [𝐻𝑏𝑂2]and oxy-hemoglobin [𝐻𝑏] respectively then did a linear spectral 

un-mixing [27-28] for every pixel on the image. The linear un-mixing is based on the 

assumption that for each single pixel, the measured spectrum is a linear 

superposition of deoxy-hemoglobin spectrum [𝐻𝑏𝑂2]and oxy-hemoglobin 

spectrum[𝐻𝑏]. 

𝑋 = 𝐴1[𝐻𝑏𝑂2] + 𝐴2[𝐻𝑏], 
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Equation 2 Linear unmixing of deoxy-hemoglobin and oxy-hemoglobin 

spectrum where X is the measured spectrum and A1, A2 are the ratio of deoxy-

hemoglobin spectrum [𝑯𝒃𝑶𝟐] and oxy-hemoglobin spectrum [𝑯𝒃] 

For each pixel, I calculated A1 and A2 (A1+A2=1) for each pixel on 0s, 20s, 

40s, 60s, 80s images using nonnegative least-squares curve fitting in Matlab. The 

result revealed the ratio of oxy- and deoxy-hemoglobin “standard spectrum” for 

every pixel. I then used the oxy-hemoglobin ratio A1/ (A1+A2) as the indicator of 

oxygen saturation in finger and mapped the result which is shown in Figure 3-5. For 

the first three images, the saturation faded with time, indicating the gradually 

decreasing oxygen level. For the last two images, the saturation displayed a sudden 

huge increase and then a slight falling back, implying a typical recovery process of 

blood circulation and oxygenation. 

 

Figure 3-5 Finger oxygen saturation changes during the occlusion experiment 
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Chapter 4 

Conclusions and Future Work 

4.1. Conclusions 

In conclusion, I presented the prototype of a fiber-based snapshot 

spectrometer that offers a solution in high spatial sampling hyperspectral imaging. I 

have described the fabrication process, the prototype system setup and the 

calibration procedure. I have demonstrated its feasibility to capture the spectral 

images in the finger occlusion experiment. The changing process of oxygen 

saturation was identified. The spatial sampling in our current fiber bundle is 

designed to be 96 x 81 and the spectral resolution is 3.5 nm. In current experiment, 

only 96 x 42 of the fibers were utilized because of the available image taper 

diameter, but in the future I will extend that range by using larger taper. 
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4.2. Discussions and Future Work 

For proof of concept, in this work I built the fiber bundle with spatial 

sampling of 96 x 81. However, with the efficient way of packing fibers, the system is 

scalable to larger formats with more fibers in the bundle and higher spatial 

sampling. In the current system, the size of the fiber bundle is the limiting element 

of miniaturizing the system dimension. However, it has the potential to become 

more compact. Recently commercial fiber technology such as SCHOTT Leached 

Image Bundles [35] has been able to manufacture fiber bundles with pixel size as 

small as 7.4 um. Therefore, it is possible to make the system tinier and integrate it 

into a more compact format in the future. 

Therefore in the next step, I will explore in reforming the fabrication 

technology in lab to compact the fiber bundle system. Novel fabrication technique 

such as 3D printing will be adopted. Recently, 3D printing technology has been 

developed to be able to produce transparent plastics with high resolution and 

optical properties. Compared with conventional manufacturing, 3D printed optical 

elements could be designed with more flexible shapes and fabricated within 

minutes with significantly lower cost [36]. Moreover, modern multi-material 3D 

printers have been developed and could print two materials with different 

refraction indices. This has made it possible to print optical fiber bundles [37]. The 

3D printer in our lab is in testing stage and I will further explore this fabrication 

method in the future. 
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In the future I will also add spatial and spectral sampling tunability into the 

system by changing the gap between fiber groups. This allows trade-off between 

spatial and spectral samplings based on different resolution requirements. For the 

fiber bundle in this paper, I had difficulty tuning the gap area because for prototype, 

the fiber I used is as short as 4 inches. As shown in Figure 4-1 Output shape change 

after tunning for current fiber bundle when the fiber groups are compressed closer, 

the groups at the edge stick out, causing a concave output plane which is not 

compatible with the image taper. However, in the future I plan to use longer fibers 

with less stiff adhesive to get more flexible control of position. Longer fibers would 

make the curvature change of the output end negligible. With a long fiber bundle 

and a taper with smaller output size, the system could be minimized in size and 

developed as a hand-held snapshot spectrometer. Furthermore, with this tunability, 

higher spectral resolutions will be achieved and the system could be incorporated 

into more clinical imaging system. For example, SD-OCT usually requires high 

spectral resolution (higher than 1nm) of the spectrometer, direct spectral imaging 

technique without extensive computational reconstruction, and also maintaining the 

light coherence. According to those criteria, the fiber-based snapshot spectrometer 

with tenability may become a suitable imaging tool for it. 
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Figure 4-1 Output shape change after tunning for current fiber bundle 
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