
TITLE PAGE  

Citation Format:  
Maffeis G, Witteveen M, Jong LS, Damagatla V, Sterenborg HJCM, Post AL, Dalla Mora 

A, Ruers TJM, Taroni P. Optical Characterization of Coconut Oil from 600 nm to 1600 

nm for Use as a Tissue Phantom. Appl Spectrosc. 2026 Apr;80(4):327-337. doi: 

10.1177/00037028261419837. Epub 2026 Jan 20. PMID: 41556426.  

Abstract link:  
https://journals.sagepub.com/doi/10.1177/00037028261419837 



   

 

   

 

Optical characterization of coconut oil 1 

from 600 nm to 1600 nm for use as a 2 

tissue phantom 3 

Giulia Maffeis1, Mark Witteveen2, Lynn-Jade S. Jong2, Vamshi Damagatla1, Henricus J. C. M. 4 

Sterenborg2, Anouk Laetitia Post2, Alberto Dalla Mora1, Theo J.M. Ruers2, Paola Taroni1 5 

1Department of Physics, Politecnico di Milano, Milan, Italy 6 
2Department of Surgery, The Netherlands Cancer Institute, Amsterdam, the Netherlands 7 

ABSTRACT 8 

Optical phantoms are widely used to characterize diffuse optical setups and data analysis methods for 9 

in vivo/ex vivo measurements. Coconut oil is an interesting compound to use in phantoms, because it 10 

could be used to model lipidic tissues, such as the one in breast tissue. In this paper, we measure the 11 

absorption and scattering spectra of coconut oil from 600 to 1600 nm, encompassing the so-called 12 

"therapeutic window". To cover the entire range, we exploit a supercontinuum pulsed laser and a 13 

superconducting nanowire single photon detector operating in the time domain. Finally, we 14 

demonstrate the use of a homogeneous coconut oil phantom to characterize a hyperspectral 15 

continuous-wave setup.  16 

KEYWORDS 17 
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1 INTRODUCTION 19 

One of the goals of diffuse optical measurements is the estimation of the absorption (µa(λ)) and 20 

reduced scattering (µs’(λ)), from now on referred to as scattering) properties of turbid media based on 21 

their response to red and near-infrared light, with wavelength (λ) ranging from 600 nm to 1600 nm.1–22 
3 In that spectral range, biological tissues typically exhibit properties of a turbid medium, thereby 23 

providing a compelling avenue for exploration within the field of biomedical applications. In this case, 24 

the conversion of the optical properties into composition (i.e., constituent concentrations, related to 25 

absorption) and microstructure (i.e., micro-organelles density and size, related to scattering) 26 

parameters through the Lambert-Beer law and the Mie empirical model,4 respectively, gives the 27 

opportunity to assess the health status of a tissue or its functional reaction to an external stimulus. 28 

Indeed, diffuse optics already proved promising for example for breast cancer diagnosis and therapy 29 

monitoring,5,6 surgical margin assessment for lungs,7,8 rectum9 and oral cavity,10,11 brain activity 30 

detection,12–14 assessment of muscle function and composition.15,16 31 

However, an efficient measurement and interpretation of in vivo results is not straightforward, 32 

primarily due to the strong intra- and inter-subject variability. Therefore, a thorough and rigorous 33 

laboratory characterization of the system (in this work meant as the ensemble of setup, measurement 34 

conditions and data analysis methods) is required before in vivo or even ex vivo measurements.  35 

An efficient methodological approach should envision a sequence of tests, going from the simplest 36 

to the most articulated one, in preparation for a clinical study, whenever feasible. A possible operating 37 

pipeline could be: 38 

- Simulations 39 



   

 

   

 

- Phantoms aimed at mimicking absorption and scattering properties (e.g., resin,17,18 40 

silicone,17,19,20 intralipid,21–24 3D filament25–27) 41 

- Phantoms aimed at mimicking constituent concentrations, reproducing as fairly as possible 42 

the composition and structure of the final in vivo setting (e.g., red meat, lard, tendon28,29) 43 

- Ex vivo surgical specimens 44 

- Initial in vivo tests on healthy volunteers 45 

- In vivo measurements on patients. 46 

Tests on phantoms therefore represent an essential part of the validation procedure of a diffuse 47 

optical system,30,31 underlying the importance of the availability of a large variety of technologies to 48 

fabricate them. 49 

In this regard, in this paper we propose coconut oil as material to fabricate phantoms, playing the 50 

role of fat tissue. Coconut oil has the advantage that it is a solid, is characterized by both scattering 51 

and absorption, and can be easily moulded into various shapes. It has already been employed, even if 52 

on limited occasions, in phantom tests with diffuse optical instrumentations.32,33 For instance, it was 53 

used in studies on liver steatosis,34 for tumour detection35 and to replace Intralipid.36 However, a full 54 

characterization of the absorption and scattering coefficients from 600 nm to 1600 nm is still 55 

missing.31,32. In this paper, we provide the absorption and scattering spectra of coconut oil, which will 56 

enable its use as a standard for phantoms.  57 

Coconut oil is cheap, easy to find even at the supermarket, homogeneous, and it enables the 58 

fabrication of complex structures in terms of shape and assembly (e.g., inclusion in a homogeneous 59 

background, multilayer).  60 

There are different possible approaches to diffuse optics to estimate the optical properties of 61 

coconut oil. We will investigate the time and Continuous Wave (CW) domains. The former allows one 62 

to disentangle absorption and scattering with a single measurement, at the expenses of a high-cost 63 

and articulated setup. The latter can utilize simpler hardware, but demands special attention during 64 

fitting to decouple the two contributions.  65 

For these reasons, to harness the strengths of each approach fully, the work is divided into two 66 

parts.  67 

The first part thoroughly investigates the primary goal of this paper: to assess µa(λ), and µs’(λ) of 68 

solid-state coconut oil (temperature lower than 25°C) at optimized measurement conditions and 69 

define a reference for the extinction coefficients in the Lambert-Beer equation. These values could 70 

then be used by anyone interested in the coconut absorption spectrum from 600 to 1600 nm. This part 71 

involves the use of a time-resolved system, which is a well-established option to estimate the absolute 72 

values of the optical coefficients.  73 

In the second part, we check the quality of the retrieved µa(λ) measuring a homogeneous coconut 74 

phantom with a hyperspectral CW system. Here, the goal is to test whether the fitting procedure, based 75 

on the use of the measured absorption spectrum as extinction coefficient, correctly recognizes the 76 

phantom composition. 77 

2 MATERIALS AND METHODS 78 

2.1 Assessment of the optical properties of coconut oil 79 

The goal of the following diffuse optical measurements is to characterize the absorption and scattering 80 

coefficients of coconut oil from 600 to 1600 nm as accurately as possible. Absorption is related to the 81 

chemical composition of the medium and can be quantified through the concentrations of its 82 

constituents. In the case of pure coconut oil, we expect it to consist entirely of lipids. 83 

 84 



   

 

   

 

The scattering spectrum, on the other hand, provides insights into the microstructure of the medium. 85 

In biological tissues, 'microstructure' refers to the organization of microscopic scatterers—such as 86 

particles, organelles, cell membranes, mitochondria, and collagen fibers—which influence how light 87 

travels through the material. For coconut oil, microstructure may involve the distribution of fat 88 

particles, the presence of air bubbles, and the degree of crystallinity. Notably, as temperature increases 89 

(and crystallinity decreases), scattering tends to diminish.37,38 90 

As mentioned above, an efficient approach to assess the two optical properties simultaneously, 91 

minimizing their potential coupling, is to use a time-resolved diffuse optics setup.39 92 

The setup and data analysis methods for measurements in the time domain employed to estimate 93 

the absorption and scattering spectra of coconut oil are described in the following sections. 94 

2.1.1 Broadband time-resolved setup 95 

The main constraint for the design of the time-resolved setup for this application is the extensive 96 

spectral range (600–1600 nm). To cover it, a pulsed supercontinuum laser operating at 80 MHz (FIU-97 

15, NKT Photonics, Denmark) and a superconducting nanowire single photon detector (SNSPD - Eos, 98 

Single Quantum, Netherlands) have been employed (Figure 1).  99 

Other than the source and the detector, the components of the device are a rotating Pellin-Broca 100 

prism to select single λs, a variable Neutral Density filter (ND) to modulate light intensity, and a board 101 

for Time-Correlated Single-Photon Counting (TCSPC - SPC-130, Becker and Hickl, Germany) to 102 

reconstruct the Distribution of photon Times Of Flight (DTOF). Light is delivered to the sample through 103 

a 200-µm core step index fiber and collected from the sample through a 1-mm core step index fiber.  104 

The choice of the fiber core diameter, especially on the collection side, introduces a trade-off 105 

between signal level and temporal resolution: the smaller it is the better the temporal resolution, but 106 

the lower the signal. Also, in time domain, absorption mainly affects the DTOF shape: a higher 107 

absorption produces a faster decay of the tail in the DTOF, thus narrowing its shape. Therefore, when 108 

absorption is high, the DTOF might be similar to the Instrument Response Function (IRF) and it is 109 

important to have an adequate temporal resolution to avoid this risk. Considering our case, the 110 

absorption coefficients could exceed 1 cm-1 in the 600-1600 nm range, which explains the different 111 

fiber core diameter: small on the source side for higher temporal resolution and bigger on the 112 

detection side for better signal collection. 113 

 114 



   

 

   

 

 115 
Figure 1: Broadband time-resolved experimental setup. Picosecond laser pulses are sent to the sample, after λ selection 116 
through a rotating Pellin-Broca prism and intensity tuning through a variable neutral density filter (ND). The signal is collected 117 
by a detector (SNSPD) and its output is delivered to a TCSPC board through a Constant Fraction Discriminator (CFD).  118 

2.1.2 Coconut oil phantoms for absorption assessment 119 

For reproducibility purposes, 15 phantoms were fabricated, consisting of 3 brands and 5 samples for 120 

each brand. Table 1 reports the composition data and the melting temperature for each brand. 121 

Coconut oil was melted at 60°C and poured in cylindrical polypropylene jars (melting temperature 122 

between 130 and 171°C)40, so that each phantom had a diameter of 11 cm and a height of about 3 cm. 123 

After cooling to room temperature, the coconut oil was stored in the refrigerator at about 8°C. Figure 124 

2 depicts the phantoms while coconut oil is still melted, highlighting the different colours of the 125 

different brands. Such difference in colour is not evident at solid state.  126 

For the sake of completeness, we include in Table 1 also the information of the fourth brand of coconut 127 

oil, used to validate the absorption spectrum retrieved from the other 3 brands. All coconut oil brands 128 

were purchased from a grocery shelf, one of our goals being the use of easily accessible materials.  129 

 130 
Table 1: Data about phantom composition and features. 131 

 Brand 1 Brand 2 Brand 3 Brand 4 

Name Planète au 

naturel 

Cibo crudo Naturale bio Kruidvat 

Origin Vietnam Philippines  Sri Lanka Non EU 

agriculture 

Features 100% virgin, pure 

and biologic; 

cold-pressed 

100% virgin, pure 

and biologic; 

cold-pressed 

100% virgin, pure 

and biologic; 

cold-pressed 

100% pure, 

organic, de-

odorised 

Melting 

temperature 

25°C 25°C 23°C 25°C 

Composition for 

100 g 

    



   

 

   

 

- Fat (of which 

saturated 

fatty acids) 

100 g (86.5 g) 100 g (91 g) 100 g (92 g) 100 g (91 g) 

- Carbohydrate

s (of which 

sugar) 

0 g (0 g) 0 g (0 g) 0 g (0 g) 0 g (0 g) 

- Proteins 0 g 0 g 0 g 0 g 

- Salt 0 g 0 g 0 g 0 g 

 132 

 133 
Figure 2: Photograph of phantoms of the 3 different brands (brand 1 on the left, brand 2 in the center, brand 3 on the right), 134 
while coconut oil is melted.  135 

2.1.3 Measurements protocol 136 

The complete set of 15 phantoms was measured four times over a period of eight days (on days 1, 4, 137 

6, and 8) to assess the measurement reproducibility. Each coconut oil phantom was removed from the 138 

refrigerator only for the duration of the acquisition and placed in a water and ice bath to keep it at 139 

about 16°C during the acquisitions. The laser intensity was modulated with the ND filter to achieve a 140 

count-rate of about 100 kcps in order to operate in single photon regime. All measurements were 141 

performed at 1 cm inter-fiber distance, limited by the low signal-to-noise ratio at the highest 142 

absorption peaks. Acquisitions were carried out with an integration time of 1 s at a step of 5 nm, taking 143 

about 5 minutes. It is important to consider that the spectral resolution of the setup ranges from 2 nm 144 

in the visible range to about 10 nm in the infrared one. 145 

2.1.4 Spectra data analysis 146 

Data were processed with two different methods.  147 

The first method (“method 1”) is fully based on experimental data and consists in retrieving the 148 

absorption and reduced scattering coefficients of coconut oil as a function of λ by applying the solution 149 

to the diffusion equation for a homogeneous semi-infinite medium in reflectance geometry in time 150 

domain.41 The theoretical DTOF is convolved with the IRF to account for system effects. 151 

The refractive index is one of the parameters required by the fitting procedure. For coconut oil, we 152 

used the relation proposed in Ref. 42, where n = 1.44 at 600-1600 nm. The portion of each output pulse 153 

considered for the fit was from 50% in amplitude with respect to the peak on the rising edge, to 1% 154 

on the tail. 155 

The second method (“method 2”) is hybrid and based on a four-stage procedure. The first stage 156 

coincides with “method 1”. However, here µs’(λ) is later fitted using an approximation to Mie theory 157 

(stage 2), in order to obtain the scattering amplitude (𝑎, related to the scatterers density) and slope 158 

(𝑏, related to the scatterers size), with λ0 = 600 nm as reference λ: 159 

𝜇𝑠
′ (𝜆) = 𝑎 (

𝜆

𝜆0
)

−𝑏
 .  (1) 160 



   

 

   

 

The two parameters are then replaced in Eq. (1) to compute µs,fit’(λ) (stage 3). Therefore, Eq. (1) is 161 

used with an inverse approach in stage 2 and a forward approach in stage 3. Finally, µs,fit’(λ) is involved 162 

as a fixed parameter in a fitting procedure similar to “method 1”, while µa(λ) is the only free parameter 163 

(stage 4).  164 

The advantage of method 2 with respect to the fully-experimental method 1 is the smoothing effect 165 

on the decreasing exponential behaviour of scattering, with a consequent improvement in absorption 166 

estimate. 167 

2.2 Validation of the optical properties of coconut oil 168 

After assessing the absorption spectrum, its quality is tested in a fitting procedure aimed at retrieving 169 

the composition of a homogeneous coconut phantom. For this purpose, a CW imaging setup and 170 

proper analytical models are used, as described below.  171 

2.2.1 Coconut oil phantom for validation 172 

Figure 3 depicts an example of a solid phantom fabricated with “brand 4” coconut oil (Table 1).  173 

The phantom was produced by melting coconut oil on a hot plate at 60°C, pouring it in a mould and 174 

letting it solidify in a refrigerator (8°C) over night. It has a truncated cone shape, with a height of 3 cm 175 

and a diameter of 6.5 cm at the top surface. The phantom was measured on 3 different days over a 176 

month (Day 1, Day 18, Day 28). 177 

 178 

s 179 
Figure 3: Example of homogeneous coconut phantom used for validation. 180 

2.2.2 CW experimental setup 181 

Diffuse reflection spectra of the phantom were measured with the CW hyperspectral imaging 182 

instrumentation described in Ref.43–46. The phantom was illuminated by three halogen light sources 183 

(2900 K), under an angle of 35°. Then, data were acquired with a push-broom camera, sensitive in the 184 

infrared range (Specim VLNIR CL-350-N17E, InGaAs sensor 320 × 256 pixels, 0.5 mm/pixel, ∼900-1700 185 

nm, 256 λ, 5 nm step), while the sample was automatically moved by a translational stage. 186 

2.2.3 Phantom data analysis 187 

The output spectra were analysed with the model proposed by Flock et al., suitable for broadband CW 188 

measurements in reflectance geometry.24,47 In particular, the Mie theory (Eq. (1)) and the Lambert-189 

Beer law were replaced in the model to explicit µa(λ) and µs’(λ). The Lambert-Beer law is expressed by:  190 
𝜇𝑎(𝜆) = ∑ 𝜖𝑖𝐶𝑖

𝑁
𝑖    (2) 191 

where 𝜖𝑖 is the extinction coefficient of the ith constituent, Ci is its concentration, N is the number of 192 

constituents. The fit was performed looking for the concentrations of coconut oil and water, that, being 193 

coconut oil a lipidic substance, are characterized by significantly different spectra, with major 194 



   

 

   

 

absorption peaks in the infrared region. We do not expect to detect any water content. If present, the 195 

only contribution could be due to a very superficial layer due to condensation.  196 

The key point of the CW measurements is the use the absorption spectrum previously derived as 197 

extinction coefficient εcoconut for coconut in Eq. (2) and the test of its effectiveness. 198 

Such procedure was applied to 289 pixels composing the hyperspectral image of the coconut 199 

phantom, in order to assess reproducibility and robustness.  200 

3 RESULTS AND DISCUSSION 201 

3.1 Determination of the optical properties of coconut oil 202 

Figure 1 and Figure 5 represent the raw (method 1, solid curves) and fitted (method 2, dotted curves) 203 

scattering and absorption spectra, respectively, over brands (columns) and days (rows). Each panel 204 

depicts the results obtained for the 5 repetitions. 205 

In Figure 4, the two methods return quite consistent results everywhere, except for the 1200 and 206 

the 1400 nm peaks. It could be attributed to a coupling between µa(λ) and µs’(λ) due to the high value 207 

of µa(λ) in this region, which manifests via noise in scattering. This coupling has already been 208 

investigated by Faber et al. in Ref.48 for haemoglobin. Even a different fitting range of the curve could 209 

not fix such distortion. However, the smoother µs,fit’(λ) used in method 2 compensates for this artefact. 210 

This is the reason why Mie theory was applied limited to the 600-950 nm range to retrieve the 211 

amplitude and slope parameters. 212 

Figure 5 reflects the fluctuations of Figure 4 around 1200 and 1400 nm. Also, there is a mismatch 213 

where 𝜇𝑎 < 0.02 cm-1. 214 

Figure 6 and Figure 7 represent the fitted scattering and absorption spectra of coconut oil obtained 215 

through time-resolved diffuse optical measurements, after applying “method 2”. The two figures share 216 

the same structure. In the first row, each panel displays three spectra (averaged over the five 217 

repetitions) corresponding to the three brands, while the sequence of panels represents the 218 

assessment across days. In the second row, each panel shows four spectra (averaged over the five 219 

repetitions) corresponding to the four days, and the sequence of panels represents the assessment 220 

across brands. In other words, the first and second rows depict the same data, but from 221 

complementary perspectives, to emphasize different types of comparison.  222 

Ideally, spectra acquired on different days should overlap, whereas spectra from different brands 223 

may exhibit variations due to slight differences in composition. In the figures, however, variations are 224 

visible from both perspectives.  225 

Scattering is significantly sensitive to temperature and to the presence of possible inhomogeneities 226 

within the sample. In this context, the position of the probe relative to the sample could play a 227 

significant role. These factors might explain the observed spread in the spectra, quantified by the 228 

amplitude and slope parameters computed using Method 2 and averaged over the spectra shown in 229 

each corresponding panel. The average amplitude a is equal to 16.67±3.58 cm-1, with 95% confidence 230 

interval for normal distribution [15.76, 17.57] cm-1  over 4 days, 3 brands and 5 repetitions. The average 231 

slope b is equal to 0.39±0.25, with 95% confidence interval for normal distribution [0.32, 0.45] over 4 232 

days, 3 brands and 5 repetitions.  233 



   

 

   

 

 234 
Figure 4: Raw (solid line) and fitted (dotted line) scattering spectra in cm-1 over brands (columns) and days (rows). Each 235 
panel depicts the results obtained for the 5 repetitions.  236 
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 238 
Figure 5: Raw (solid line) and fitted (dotted line) absorption spectra in cm-1 over brands (columns) and days (rows). Each 239 
panel depicts the results obtained for the 5 repetitions. A logarithmic vertical scale is used. 240 



   

 

   

 

The variability in absorption across days may again be attributed to some sample inhomogeneity 241 

combined with slight changes in the relative positioning of the probe with respect to the sample. 242 

Conversely, the different yellowish shades of the various brands (Figure 2) already suggested a degree 243 

of variation in absorption, particularly in the initial part of the spectrum. This trend is even more 244 

evident in Figure 8, which represent spectra averaged over repetitions and days. Here, “brand 1” (the 245 

clearest in Figure 2) at short λ shows consistently lower absorption than “brand 3” (the moderately 246 

yellowish one), that in turn shows consistently lower absorption than “brand 2” (the most yellowish). 247 

Such difference might be due to subtle, but measurable differences in composition and processing. 248 

Another possible explanation is that the sample is not rigorously semi-infinite, as assumed in the 249 

analysis. The average spectrum is closer to the one of “brand 3”. Brand 1 oscillates between 0.73 cm-1 250 

(665 nm) and 1.13 cm-1 (1210 nm). Brand 2 oscillated between 0.99 cm-1 (1455 nm) and 1.35 cm-1 (600 251 

nm). Brand 3 oscillates between 0.85 cm-1 (1210 nm) and 1.03 cm-1 (1315 nm). 252 

 253 

 254 
Figure 6: First row: fitted scattering spectra averaged over 5 repetitions, obtained on different days. Second row: fitted 255 
scattering spectra averaged over 5 repetitions, obtained for different brands.  256 

 257 



   

 

   

 

 258 
Figure 7: First row: fitted absorption spectra averaged over 5 repetitions, obtained on different days. Second row: fitted 259 
absorption spectra averaged over 5 repetitions, obtained for different brands. 260 

 261 
Figure 8: Comparison among fitted absorption spectra of different brands (blue, orange, yellow), average spectrum over 262 
brands (dotted black) and animal fat (solid black line) from 600 to 1600 nm.  263 

 264 

Figure 8 also reports the absorption spectrum of animal fat, that is a reliable reference for lipids 265 

assessment.49–52 Coconut oil has a consistent fatty acid profile and controlled antioxidant levels, 266 

despite some nutrient loss during mild processing.53 It has the advantage to be cheap, easy to find at 267 

the supermarket, homogeneous and to enable the fabrication of complex structures in terms of shape 268 

and assembly (e.g., inclusion in a homogeneous background, multilayer). Animal lard, instead, may 269 

vary due to biological and processing diversity. Differences might arise even within the same brand, 270 

depending on species, rendering method, and modifications such as hydrogenation or 271 

interesterification.54,55 These factors could have an impact on the reproducibility in phantom 272 

preparation and measurements. In any case, our main goal is to propose a robust alternative, not a 273 

replacement, to animal fat, in order to offer more possibilities depending on material availability when 274 

it comes to tissue-mimicking phantom fabrication. 275 



   

 

   

 

Comparing the average fitted absorption spectrum for coconut oil and the spectrum of animal fat, 276 

the ratio varies from 0.82 at 1360 nm (difference of -0.04 cm-1) to 6.45 at 700 nm (difference of 0.01 277 

cm-1). Significant differences in absolute values occur in correspondence of the two highest absorption 278 

peaks. Animal fat attains a maximum at 1195 nm with µa=1.12 cm-1, while method 2 identifies the 279 

corresponding maximum for coconut oil at 1210 with µa=1.17 cm-1. Also, animal fat exhibits 2 maxima 280 

1400 and 1425 nm, separated by a local minimum at 1415 nm, which does not take place for coconut 281 

oil. This could be not due only to chemical differences, but to technological limitations of the 282 

experimental setup, in particular the spectral resolution. It prevents to distinguish the narrow 283 

maximum-minimum-maximum sequence around 1400 nm, where spectral distances match the setup 284 

limit (in this range of about 10 nm).  285 

After these considerations, the absorption spectrum averaged over brands obtained with method 286 

2 has been selected as the reference for εcoconut in Eq. 2. 287 

3.2 Validation of the optical properties of coconut oil 288 

The coconut phantom was measured with the hyperspectral imaging setup described in Section 2.2.2. 289 

The resulting CW spectra were analysed via the approach illustrated in Section 2.2.3. For statistical 290 

relevance, the process was repeated for all spectra corresponding to a square area of 18 x 18 pixels in 291 

the centre of the image, in order to avoid boundary effects on the sample borders, minimize artefacts 292 

and enclose an area as homogeneous and uniform as possible. 293 

 294 

 295 
Figure 9: Example of comparison between the reconstructed (colourful solid lines) and the average experimental (black dotted 296 
line) coconut spectra. Each reconstructed spectrum corresponds to the application of the model to a pixel of the hyperspectral 297 
image. 298 

Table 2: Average, standard deviation and 95% confidence intervals assuming normal or Beta distribution for the 4 fitting 299 
parameters, considering 324 pixels of a coconut phantom hyperspectral image. The phantom was measured on 3 different 300 
days. 301 

 Day Parameter Average 
Standard 
deviation 

Confidence 
interval (Normal) 

Confidence 
interval (Beta) 

1 Day 1 

Coconut (%) 99.0% 2.8% [98.7%, 99.3%] [91.3%, 100%] 

Water (%) <0.001% <0.001% [<0.001%,<0.001%] [<0.001%,<0.001%] 

𝒂 (cm-1) 8.55 0.31 [8.51, 8.58] - 

𝒃 (-) 0.87 0.03 [0.869, 0.875] - 

2 Day 18 Coconut (%) 99.8% 0.5% [99.7%, 99.8%] [97.9%, 100%] 



   

 

   

 

Water (%) <0.001% <0.001% [<0.001%,<0.001%] [<0.001%,<0.001%] 

𝒂 (cm-1) 6.28 0.08 [6.28, 6.29] - 

𝒃 (-) 0.59 0.02 [0.589, 0.594] - 

3 Day 28 

Coconut (%) 99.0% 2.1% [98.7%, 99.2%] [90.4%, 100%] 

Water (%) <0.001% <0.001% [<0.001%,<0.001%] [<0.001%,<0.001%] 

𝒂 (cm-1) 6.92 0.15 [6.90, 6.93] - 

𝒃 (-) 0.56 0.02 [0.559, 0.563] - 

 302 

Figure 9 depicts an exemplary comparison between the average experimental spectrum and the 303 

reconstructed spectra of 324 pixels derived with the model described above. Table 2 reports the 304 

average, standard deviation and the confidence intervals of the fitting parameters over the above-305 

mentioned region of interest, for the 3 measuring days. To retrieve the confidence intervals, two 306 

different approaches were considered: a normal distribution (which does not take into account the 307 

physical bound of 100% as maximum concentration) and a Beta distribution (which is intrinsically 308 

bounded between 0 and 1 and may be skewed, especially near 0 or 1).56  309 

Based on the product label, the phantom is made of pure coconut oil. Thus, we expect the fitting 310 

procedure to recognize it as 100% coconut oil. Indeed, averaging over pixels, data analysis recognizes 311 

a minimum average concentration of 99% of coconut. The deviation from 100% could be due to several 312 

reasons: (i) the previously mentioned broadband effect; (ii) the limited accuracy of the model of Flocke 313 

et al. for albedo values α close to 1 (errors lower than 10% for α > 0.95,47 when in our case this quantity 314 

ranges from 0.8978 to 0.9998, with the lowest values attained around 1200 nm and 1400 nm); (iii) the 315 

fact that we compared independent observations (coconut oils of different brands) obtained with 2 316 

different techniques (time domain vs continuous wave). Also, the water content is always negligible, 317 

as expected, while the mean scattering amplitude and slope are respectively lower (6.28/8.55 cm-1 vs 318 

16.67±3.58 cm-1) and higher (0.56/0.87 vs 0.39±0.25) than the average values of Figure 4, most 319 

probably due to temperature mismatch caused by the heating from the illumination in the 320 

hyperspectral setup as compared to the fiber-based setup.  321 

4 CONCLUSION 322 

In conclusion, we presented the absorption and scattering spectra of coconut oil in the spectral range 323 

from 600 to 1600 nm. We used a time-resolved diffuse optical instrumentation, composed of a 324 

supercontinuum laser and a superconducting nanowire single photon detector. This work aims at 325 

emphasizing the use of coconut oil as fatty material for tissue-mimicking phantoms given its easy 326 

availability on the market and suitability to be moulded into various shapes, as a key part of the 327 

validation process of a diffuse optical system for biomedical applications.  328 

We measured 15 coconut oil phantoms, combining 3 brands and 5 repetitions for robustness purposes. 329 

While the scattering spectrum cannot be assumed as a fixed ground truth for future measurements 330 

given its significant dependence on temperature, the absorption spectrum could instead be 331 

considered as a reliable reference.  332 

The experiments presented underlined the importance of the system spectral resolution for an 333 

accurate estimation of the optical properties.  334 

Also, in correspondence of high absorption peaks, a coupling between absorption and scattering 335 

effects might arise. The results of a direct application of the diffuse model (method 1) could exhibit 336 

artefacts that affect the estimation of the coconut’s optical properties. However, the absorption 337 

assessment benefits from the smoothing effect given by Mie’s empirical law on the scattering 338 

spectrum, when a multi-stage analytical procedure is applied (method 2). 339 



   

 

   

 

Even if improvable, the recovered absorption spectrum proved efficient to extrapolate the 340 

composition and microstructure of a homogeneous coconut oil phantom using a hyperspectral CW 341 

setup, recognizing on average a 99% coconut fraction over 324 pixels. 342 

Therefore, future work could include new measurements with a setup with better spectral 343 

resolution. Also, a systematic study at different temperatures would be useful to complete a thorough 344 

optical assessment of coconut oil. 345 
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