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It is necessary to investigate the wavelength-dependent variation rules of the refractive index of
edible oils so as to explore the speci¯city of the dispersion in light propagation, imaging, and
interference processes among di®erent types of edible oil products. In this study, by deriving the
refractive index equations of the double glass sheet holding device and oil, the re°ectance spectra
of three di®erent types of oil samples, namely, peanut oil, colza oil, and kitchen waste oil, were
measured via a spectrometer. Furthermore, the refractive index model of these di®erent types of
oil samples was investigated. Additionally, based on the oil dispersion characteristics, the dis-
persion of oil in optical coherence tomography (OCT) was compensated via deconvolution. In the
wavelength range of � 2 (380, 1500) nm, the analytical expressions of the double glass sheet
holding device and oils are featured by practical reliability. The refractive indexes of three
di®erent types of oils n 2 (1.38, 1.52) show normal dispersion characteristics. The Cauchy co-
e±cient matrix of the oil refractive index can be used for oil identi¯cation; in particular, the
healthy oil and waste oil di®er signi¯cantly in terms of the Cauchy coe±cient matrix in the
infrared band. Oil dispersion has almost no in°uence on the phase spectra of oils but can enhance
their amplitude spectra. The dispersion mismatch can be eliminated by calculating the convo-
lution kernel. The envelope broadening factors of OCT interference signals of oil products are
0.84, 0.64, and 0.91, respectively. According to the present research results, the refractive index
model of oil can e®ectively remove the in°uence of the holding device. The refractive indexes of three
di®erent types of oil samples show similar wavelength-dependent variation characteristics, which
con¯rms the existence of many correlated components in these oil samples. The established refractive
index model of oil in a wide spectral range, from the ultraviolet to the infrared band, can be
adequately employed for identifying di®erent types of oils. The numerical dispersion compensation
based on the established refractive index model can enhance the axial resolution in OCT imaging.
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1. Introduction

Safety detection is particularly important for edible
oils.1 Currently, common techniques for edible oils
and the ¯nished products mainly include conven-
tional physical and chemical detection, chromatog-
raphy, nuclear magnetic resonance identi¯cation,
and spectroscopy. However, due to the lack of ef-
fective detection systems and standards, researchers
have gained insu±cient knowledge regarding oil
dispersion characteristics and related detection
using the existing optical methods, such as Fourier
transform-infrared (FT-IR) spectroscopy,2 biomass
spectrometry,3 low-¯eld NMR,4 and Terahertz
spectroscopy.5

Researchers generally use the Cauchy equation
for accurately characterizing the dispersion relation
of biological material.6 With regard to edible oils,
only Chengchao et al. from the Harbin Institute of
Technology performed the characterization of
wavelength-dependent refractive index variation
rules of both colza oil and peanut oil using the
Cauchy equation via double light path transmis-
sion.6,7 According to their results, the refractive
index of colza oil at 632.8 nm was 1.5197; however,
they did not examine waste oil, and di®erent types
of oils exhibit no speci¯city. Zhang et al.8 from the
University of Shanghai for Science and Technology
employed light interference fast measurements on
di®erent oils at room temperature, with a wave-
length of 632.8 nm. Through these measurements,
the refractive indexes of the Luhua 5S ¯rst-grade
pressing peanut oil and the Duoli highly °avored
colza oil were found to be 1.4709 and 1.4718, re-
spectively. Overall, the measured refractive indexes
of di®erent types of oils in previous studies were
poor in regularity and restricted in the narrow vis-
ible wavelength range, thereby providing less sup-
port for oil identi¯cation.

In this study, the re°ectance spectra of colza oil,
peanut oil, and kitchen waste oil were measured
using a spectrometer to investigate the variation
characteristics of the oil refractive index with
wavelength. Moreover, the dispersion character-
istics of various types of edible oils were accurately
characterized via the Cauchy equation. In contrast
with the double light path transmission method, the
present method exhibits high precision and is more
convenient in operation.6 In addition, the Cauchy
refractive index matrices of di®erent types of oils
show a signi¯cant di®erence. On this basis, the

dispersion compensation of oil during the imaging
process was investigated by means of optical co-
herence tomography (OCT), and the dispersion
mismatch of the sample was eliminated by calcu-
lating the convolution kernel, thereby e®ectively
enhancing the axial resolution of OCT.

2. Experiment

2.1. Experimental samples and holding

device

In this study, three di®erent types of edible oils,
namely, colza oil (nongenetically modi¯ed organism
(non-GMO) ¯rst-grade colza oil from Fulinmen
Company), peanut oil (5S pressing ¯rst-grade pea-
nut oil from Luhua Company), and kitchen waste
oil (Luhua peanut oil that was fried several times),
as shown in Fig. 1, were measured. The holding
device consisted of two layers of microscope slides
with a thickness of 1.2mm. The two slides were
glued in parallel with a spacing of 0.0615 mm, as
shown in Fig. 2.

Peanut oil
Colza oil

Waste oil

Fig. 1. Experimental samples.

Fig. 2. Double glass sheet holding device.
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2.2. Experimental instrument

The spectra were measured using a LAMBDA950
ultraviolet-visible-infrared spectrometer manu-
factured by the PERKINELMER Company with a
wavelength range of 175–3300nm (380–1500 nm was
used in this study). In particular, the bandwidth of
the resolution is 0.05 nm, the wavelength precisions
are �0:08 nm and 0.30nm in UV/VIS and NIR
ranges, respectively, the wavelength repeatability is
below 0.005 nm, and the baseline °atness is below
0.0008A. A deuterium lamp serves as the light
source in the wavelength range of 175–319.2 nm,
while a halogen lamp serves as the light source in the
wavelength range of 319.2–3300nm. All optical devi-
ces adopt a total re°ection circuit arrangement so as to
e®ectively eliminate wavelength discrimination. A
double-beam integrating sphere was arranged in the
instrument, whose inner diameter and wavelength
range are 150mm and 200–2500nm, respectively.

2.3. Experimental methods

First, di®erent oil samples (colza oil, peanut oil, and
kitchen waste oil) were added to the double glass
sheet holding device for quiescence. Next, in order
to achieve a baseline calibration, the spectrometer
was preheated for 5min. Finally, the double glass
sheet holding devices with di®erent oil samples were
placed inside the sample chamber of the spectrom-
eter. During the whole scanning process, the light
beam was kept at vertical incidence, and the
re°ectance spectra in the wavelength range of 380–
1500 nm were selected for further analysis.

3. Holding Device and the Refractive
Index Model of Oil

3.1. Theoretical analysis of the

refractive index of the double glass

sheet holding device

As shown in Fig. 2, a certain air gap was presented
between two glass sheets for holding the sample.
Figure 3 displays the light paths of the device.

3.1.1. Air–glass sheet �1 — sample
transmission process

n1, n2, and n3 are the refractive indexes of air, the
glass sheet, and the sample, respectively. The single
re°ectivity at interface a and the single re°ectivity at

interface b are denoted as R1 and R2, respectively. T1

and T2 are the single transmissivities at interface a
and interface b, respectively; T denotes the total
transmissivity of the double glass sheet holding de-
vice measured via the spectrometer; T1 0 denotes the
transmissivity of the transmission light from interface
b after passing through interface b for the ¯rst time;
T2 00 denotes the transmissivity of the transmission
light from interface b after passing through interface
b for the second time; T3 000 denotes the transmissivity
of the transmission light from interface b after passing
through interface b for the third time. The sum of the
transmissivity when the light passes from a medium
with a refractive index of n1 to a medium with a
refractive index of n3 is denoted as T123. The sum of
the transmissivity when the light passes from a me-
dium with a refractive index of n3 to a medium with a
refractive index of n1 is denoted as T321.

According to the electromagnetic wave propa-
gation theory.9 In the case of vertical incidence, the
re°ectivity can be written as

R1 ¼
n2 � n1

n2 þ n1

� �
2

; ð1Þ

R2 ¼
n3 � n2

n3 þ n2

� �
2

: ð2Þ

Therefore,

T123 ¼ T1 0 þ T2 00 þ T3 000 þ � � �
¼ ð1�R1Þð1�R2Þ þ ð1�R1Þð1�R2ÞR1R2

þ ð1�R1Þð1�R2ÞR2
1R

2
2 þ � � �

¼ ð1�R1Þð1�R2Þ 1þR1R2 þR2
1R

2
2 þ � � �� �

¼ ð1�R1Þð1�R2Þ
1� R1R2ð Þn
1�R1R2

� �

� 1�R1ð Þ 1�R2ð Þ
1�R1R2

¼ 1

1
T1
þ 1

T2

� �
� 1

: ð3Þ

Fig. 3. Light paths of the double glass sheet device.

Refractive index characteristics of edible oils
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3.1.2. Air–glass sheet �2 — sample
transmission process

Similarly to the analysis in Sec. 3.1.1, T321 can be
written as

T321 ¼
1

1
T2
þ 1

T1

� �
� 1

: ð4Þ

3.1.3. Analytic relationship between the

refractive index, the transmissivity,
and the re°ectivity

The upper part of the sample is composed of air and
the glass sheet, while the lower part of the sample is
composed of the glass sheet and air. The two glass
sheets are composed of the same material. Accord-
ingly, the absorption of light by the glass sheet and
air can be neglected. According to the derivation
process of Eq. (3), the following expression can be
obtained:

1

T
¼ 1

T123

þ 1

T321

� 1: ð5Þ

According to Eqs. (3) and (4), the transmissivities
in the two processes equal to each other, i.e.,
T123 ¼ T321. Equation (5) can thus be rewritten as

T123 ¼
2T

1þ T
: ð6Þ

(1) Refractive index of the glass sheet
First, assuming that air is the sample, then

n3 ¼ 1. By substituting n3 ¼ 1 into Eq. (2), it can
be obtained that R1 ¼ R2 and T1 ¼ T2. Next, the
following expression can be derived by combining
Eqs. (3) and (6):

T1 ¼
4T

1þ 3T
: ð7Þ

Both scattering and absorption of the glass sheet
can be ignored since they are quite weak. Accord-
ingly, the following expression can be derived:

T1 þR1 ¼ 1: ð8Þ
By substituting Eq. (8) into Eq. (1), the following
expression can be obtained:

n2 ¼
1þ ffiffiffiffiffiffi

R1

p
1� ffiffiffiffiffiffi

R1

p ¼ 1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� T1

p
1� ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� T1

p : ð9Þ

(2) Refractive index of the sample
By combining Eqs. (3) and (6), the following

expression can be obtained:

T2 ¼
2TT1

T1 þ 3TT1 � 2T
: ð10Þ

By substituting Eq. (10) into Eq. (2), it can be de-
rived that

n3 ¼
n2 1� ffiffiffiffiffiffi

R2

pð Þ
1þ ffiffiffiffiffiffi

R2

p ¼ n2 1� ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� T2

pð Þ
1þ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� T2

p : ð11Þ

3.2. Experimental results of the

refractive index

The re°ectivity of the double glass sheet holding
device and the total re°ectivity when di®erent oil
samples were placed in the holding device were
measured via the spectrometer, as shown in Figs. 4
and 5, respectively.

As shown in Fig. 4, the re°ectivity of the double
glass sheet holding device in the wavelength range

Fig. 4. Re°ectivity of the double glass sheet device.

Fig. 5. Re°ectivity of the three di®erent types of oils in the
double glass sheet device.

S. Xu & X. Li

2140010-4

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
1.

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

71
.8

3.
9.

10
2 

on
 0

2/
08

/2
1.

 R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



of 380–1500 nm decreases with the increase of the
wavelength. It can also be observed from Fig. 5 that
the re°ectivity of the three di®erent types of oil
samples in the holding device drops as the wave-
length increases in the range of 380–1500 nm.

The three di®erent types of oil samples are highly
similar in re°ection characteristics, which indicates
similar states of three samples, as well as the exis-
tence of many identical or highly correlated com-
ponents. In addition, the variation of the re°ectivity
for the three oil samples with the wavelength also
di®ers slightly. Moreover, the re°ectivity also
includes the re°ection information of the holding
device. The re°ection characteristics of the oil
sample should be extracted and the di®erence
among di®erent oil samples should be highlighted.

3.3. Re°ective index of the glass sheet

By replacing T in Eq. (7) with T ¼ 1�R, the
following expression can be obtained:

T1 ¼
4ð1�RÞ

1þ 3ð1�RÞ : ð12Þ

By substituting the experimental results of the re-
fractive index into Eq. (12) and then combining
Eqs. (9) and (12), the refractive index of the glass
sheet n2 can be obtained, as shown in Fig. 6.

Therefore, Eqs. (9) and (12) describe the math-
ematical model of the refractive index of the glass
sheet in an analytical format, and Fig. 6 shows the
corresponding numerical results. Evidently, the re-
fractive index of the glass sheet decreases with the
wavelength in the range of 380–1500 nm (n2 2
(1.4806, 1.5329)).

Guozhong et al. employed the thickness trans-
mission method for exploring the variation

characteristics of the refractive index of the glass
sheet with the wavelength in the range of 300–
600 nm.10 In this study, the variation of the refrac-
tive index of the double glass sheet holding device
with the wavelength in a broader range of 380–
1500 nm was investigated via re°ection. Table 1
compares the present results with the refractive
index measured in Ref. 10.

It can be observed that the relative deviation of
the refractive index measured in the present study
with respect to the result in Ref.10 is within the
range of (0.11%, 0.93%), indicating a good level of
agreement. In other words, the established refrac-
tive index model based on the spectrometer is reli-
able. As also shown in Table 1, the present
refractive index model successfully overcomes the
limitation of the narrow wavelength range and
shows strong regularity in a wide wavelength range
of 380–1500 nm.

The relative deviation in Table 1 can be mainly
attributed to the di®erence of the glass sheet ma-
terial, experimental environment, instrument, and
device precision. More speci¯cally, the precision
di®erence led to di®erent signi¯cant digits of the
data.

3.4. Refractive index of oil

By replacing T in Eq. (10) with T ¼ 1�R, it can be
derived that

T2 ¼
2T1ð1�RÞ

T1 þ 3T1ð1�RÞ � 2ð1�RÞ : ð13Þ

By substituting the measured results of the refrac-
tive index of the three di®erent types of oil samplesFig. 6. Refractive index of the glass sheet.

Table 1. Two research results of the refractive index of glass
sheets.

Wavelength
(nm)

This
article n Literature10 n

Relative
deviation (%)

380 1.5329 1.54 0.46
400 1.5306 1.52 0.69
420 1.5283 1.53 0.11
440 1.5261 1.52 0.40
460 1.5239 1.52 0.26
480 1.5218 1.52 0.12
500 1.5197 1.51 0.64
520 1.5178 1.51 0.52
540 1.5158 1.52 0.28
560 1.5139 1.50 0.93
580 1.5121 1.51 0.14

Refractive index characteristics of edible oils
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in the holding device into Eq. (13) and then com-
bining Eqs. (11) and (13), the refractive index of the
oil (n3) can be obtained, as shown in Fig. 7.
Therefore, Eqs. (11) and (13) describe the mathe-
matical model of the refractive index of oil in an
analytical format, and Fig. 7 shows the corre-
sponding numerical results of the refractive index.

Evidently, the refractive index of oil decreases as
the wavelength increases in the range of 380–
1500mm, which is in good agreement with the
conclusions in Ref. 7. This also suggests that many
identical or highly correlated components exist
among di®erent types of oil samples. The re°ective
indexes of the three di®erent types of oil samples
exhibit signi¯cant speci¯city, and especially a great
di®erence in the infrared range. The normal oil can
be easily distinguished from the waste oil, which can
provide theoretical foundations for establishing an
oil identi¯cation system in the infrared wavelength
range.

As described in Ref. 7, the holding device mainly
consists of two pieces of optical glass. The variation
of the refractive index of the optical glass with the
wavelength was ignored in calculating the refractive
index of oil, and the refractive index of the optical
glass was set to an average value (n ¼ 1:52); all
these assumptions inevitably led to an inaccurate
refractive index of oil. In this study, the character-
istic function of the refractive index of the holding
device with the wavelength was ¯rst investigated
and then applied to the analysis of the refractive
index of oil. Therefore, the conclusion regarding the
refractive index of oil is more noteworthy and ac-
curate than the results in Ref. 7.

In this study, the refractive indexes of the Luhua
5S pressing ¯rst-grade peanut oil and the Fulinmen

colza oil at 632.8 nm were 1.4631 and 1.4569, re-
spectively. The relative deviation between the
present value of the Luhua ¯rst-grade peanut oil
and the value using optical interference rapid mea-
surement8 was only 0.53%.

3.5. The Cauchy equation of the
refractive index of oil

The decreasing functions, as presented in Fig. 7, are
indicative of a normal dispersion for the three types
of oil samples. With regard to these bio-samples, the
dispersion relation n ¼ nð�Þ can be accurately
characterized by the following Cauchy equation:

n ¼ Aþ B

�2
þ C

�4
; ð14Þ

where A, B, and C remained unchanged and are
referred to as the Cauchy coe±cients. By substi-
tuting the corresponding data of Fig. 7 into
Eq. (14), the Cauchy coe±cient matrices of the
peanut oil sample, the colza oil sample, and the kitchen
waste oil sample can be calculated using the method
of undetermined coe±cients, as shown in Table 2.

Table 2 shows the Cauchy coe±cients of the re-
fractive indexes of the di®erent types of oil samples.
The Cauchy coe±cients of three di®erent oil sam-
ples show applicable and operable distinction
points. In particular, the kitchen waste oil and the
healthy oil di®er signi¯cantly. Therefore, an e®ec-
tive index system for oil identi¯cation is expected to
be developed by utilizing the speci¯city of the
Cauchy coe±cients of various types of edible oils.

4. E®ect of Oil Dispersion on OCT

As described in Secs. 3.4 and 3.5, oil shows distinct
dispersion characteristics, and various types of oils
di®er in dispersion characteristics. During OCT
imaging process, the dispersion characteristics of
oils and the optical elements in the imaging system
can cause the envelope broadening of the optical

Fig. 7. Refractive index of oil.

Table 2. Cauchy coe±cients of the refractive index of the
three di®erent types of oils.

Sample A B C

Peanut oil 1.38808 0.03752 �0:00299
Colza oil 1.38216 0.03850 �0:00351
Waste oil 1.35464 0.04601 �0:00395

S. Xu & X. Li
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coherent signal, thereby reducing the axial imaging
resolution.11

4.1. Analysis of OCT dispersion
characteristics

As shown in Fig. 8, the Michelson interferometer is
the key component in OCT.12 The light from a low-
coherence source can be split into two light beams
via the beam splitter, in which one beam is the
reference light and the other beam is the signal
detection light. The former reference beam is
re°ected by the re°ector, then passes through the
reference arm, and ¯nally arrives at the detector.
The latter detection beam is ¯rst scattered by the
sample and arrives at the detector after passing
through the signal arm. The signal light beam of the
signal arm is interfered with the reference beam of
the reference arm and ¯nally received by the
detector.13,14

By ignoring the DC term, the interference signal
in the frequency domain received by the detector
can be expressed as15,16

SðkÞ ¼ 2Re
X
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
InðkÞIrðkÞ

p(
exp i�ðk;�znÞ½ �

)

¼ 2Re
X
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
In kð ÞIrðkÞ

p(
exp i k ��z

h ih

þ�ðk;�znÞ
i	

; ð15Þ

where InðkÞ denotes the scattering intensity of the
nth layer of the sample, Re is the real part, k = 2�/
� denotes the wave number (WN), IrðkÞ denotes the
light intensity returned from the re°ector, �ðk, zn)
denotes the phase di®erence of the nth layer of the
sample relative to the reference light, and �Zn

denotes the light path di®erence of the nth layer
of the sample relative to the reference arm mirror.
�ðk, zn) can be written as

�ðk;�znÞ ¼ �nðkÞ ��zn; ð16Þ
where �nðkÞ denotes the e®ective propagation
coe±cient of the nth layer of the sample. After a
Taylor expansion at �nðkÞ, � (k,zn) can be written as17

� k;�znð Þ ¼ nnðk0Þk0 þ ng;nðk0Þðk� k0Þ



þ � 00
nðk0Þ

ðk� k0Þ2
2

þ � 000
n ðk0Þ

ðk� k0Þ3
6

þ � � �
�
��z

¼ nnðk0Þk0 ��zþ ng;nðk0Þðk� k0Þ ��z

þ a2 � ðk� k0Þ2 þ a3 � ðk� k0Þ3 þ � � � ;
ð17Þ

where nn denotes the e®ective refractive index of
the nth layer of the sample, ng;n denotes the e®ec-
tive group refractive index of the nth layer of the
sample, the third item denotes the second-order
dispersion at the center frequency or the group
delay dispersion per unit length, and the fourth item
is referred to as the third-order dispersion per unit
length. The third-order and the higher-order items
are referred to as the dispersion items. According to
Eq. (17), the second-order dispersion compensation
coe±cient a2 can be written as

a2 ¼
�3

2�

d2n

d�2
��z: ð18Þ

4.2. Deconvolution of numerical

compensation for oil dispersion
in OCT

Since the interference signal received by the CCD is
a real rather than complex signal, the Fourier
transform of the signal may produce a complex
conjugate.18 Therefore, the interference signal
should undergo a Hilbert transform in order to ac-
quire the phase spectrum of the interference signal.
The oil-depth-dependent convolution kernel can
then be solved based on the oil dispersion char-
acteristics, and the dispersion mismatch induced
by the sample dispersion can be eliminated through
the convolution operation. Finally, the inter-
ference signal after dispersion compensation can beFig. 8. Schematic diagram of the OCT imaging process.

Refractive index characteristics of edible oils
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obtained using a fast Fourier transform. The above
convolution kernel can be expressed as

K ¼ FT�1 SðkÞf � FT�1 expf �i� k;�zð Þ½ �g: ð19Þ
In the present numerical calculations, the Calisisto
OCT manufactured by Thorlabs Corporation was
used. The center wavelength of the imaging
source and the spectral width were set to
� ¼ 930 nm and �� ¼ 54:52 nm = (957.26–902.74)
nm, respectively. The dispersion characteristics of
oil are described in Sec. 3.5. The oil thickness was
set to 3:0	 105 nm.

Other characteristic parameters of the OCT
system are linear array InGaAs detector, A-Scan
frequency is 1.2 kHz, imaging sensitivity is not less
than 105 dB, axial resolution of u1=2 in the air is
< 7:0�m, radial resolution is 8�m, maximum im-
aging depth is 1.7mm, maximum resolution is 512
pixels, maximum scanning speed is 2 frames/s,
visual ¯eld is 10mm	 10mm	 1:7mm.

4.2.1. Phase and amplitude spectra of oils

In the OCT system, by ignoring the DC item, the
light current component produced by the light in-
terference signal can be written as19,20

�ðtÞ ¼ real ESE
�
Rgf ; ð20Þ

where ES and ER denote the light ¯elds returned
via the reference arm and the sample arm, respec-
tively; realfg denotes the real part. After the Hilbert
transform, the following expression can be obtained:

� 0ðtÞ ¼ 1

�
PV

Z þ1

�1

�ð�Þ
� � t

d�; ð21Þ

where PV denotes the Cauchy index of the integral.
The interference signal and the Hilbert transform
signal can be regarded as the real part and the
imaginary part of the complex signal, respectively.
Accordingly, the following expression can be
derived:

~�ðtÞ ¼ � tð Þ þ � 0ðtÞAðtÞ exp i�ðtÞ½ �; ð22Þ
where AðtÞ and �ðtÞ are the amplitude and phase,
respectively.

As described above, after performing the Hilbert
transform and the Fourier transform on the inter-
ference signal, the frequency spectra of the
peanut oil, the colza oil, and the kitchen waste oil

(namely, the phase spectra and the amplitude
spectra) can be obtained, as shown in Fig. 9.

Figure 9 shows the phase and amplitude spectra
of the three di®erent types of oil samples. In this
¯gure, the N-D curves denote the signal without
dispersion (corresponding to ideal conditions), while
the D curves denote the signal before dispersion
compensation.

By observing the results in Fig. 9, the following
considerations can be made:

(1) The three types of oils show almost the same
phase spectra and very similar heights in the
amplitude spectra, which can be mainly at-
tributed to similar Cauchy dispersion char-
acteristics of the three oils and similar
introduced dispersion factors.

(2) The phase curves of the three di®erent types of oils
with and without dispersion are almost coincident
with each other. Since the refractive index of the
oil shows no obvious change with the wavelength
in the range of � 2 ð902:74; 957:26Þ nm, i.e., the
dispersion is weak, the phase spectra with and
without dispersion di®er slightly.

(3) The amplitude spectra of the three di®erent types
of oils are gradually axisymmetric. By taking the
right side of the symmetry axis as an example, the
di®erence of the amplitude spectra with and
without dispersion decreases with increasing fre-
quency. Since the introduced dispersion factor
imposes a decreasing e®ect on various high-order
items, the e®ect of the second-order dispersion
item is mainly taken into account in dispersion
compensation, while the e®ects of the third-order
and higher-order items can be ignored.

(4) By comparing the three amplitude spectra in
Fig. 9, it can be easily observed that the N-D
curves are always lower than the D curves, which
suggests that the amplitude spectra of the inter-
ference signal drop to a certain degree without
dispersion or after dispersion compensation. This
reduction can be used at the expense of an increase
in the axial resolution. If the e®ect of dispersion
compensation on the OCT imaging depth is taken
into account, the decrease in the amplitude spectra
of the interference signal may reduce the imaging
depth. Additionally, the increase of the axial res-
olution may increase the imaging depth. Overall,
the dispersion compensation mechanism can im-
pose bidirectional e®ects on the imaging depth;
thus, an equilibrium state can be found.

S. Xu & X. Li
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4.2.2. Comparison of the interference signals

before and after dispersion

compensation

Based on the obtained dispersion characteristics of
three di®erent types of oil as described in Sec. 3.5,
dispersion compensation was performed on the in-
terference signals of di®erent oils in OCT using the
deconvolution algorithm, as shown in Fig. 10.

Figure 10 shows the envelope of interference
signal before and after dispersion compensation
of three edible oil samples. In this ¯gure, the N-
D curve, the D curve, and the N-D-C curve repre-
sent the signals without dispersion (in the ideal
case), before, and after dispersion compensation,
respectively.

In Fig. 10, the x-axis and y-axis denote the
displacement of the signal arm at zero light path
di®erence and the light intensity, respectively. The
displacement L can be expressed as

L ¼ d 	 ng¼ d 	 n � �
dn

d�

� �
; ð23Þ

where d denotes the thickness of the oil layer, ng

denotes the group refractive index of oil, and n
denotes the refractive index of oil.

By observing the results in Fig. 10, the following
considerations can be made:

(1) Assuming that the thickness of the oil is 300	
102 nm, the characteristic displacements of the
signal arm for the three di®erent types of oils
under zero light path di®erence are
449:6307	 102 nm, 447:9554	 102 nm, and
446:5344	 102 nm, respectively, suggesting
di®erent dispersion characteristics among dif-
ferent oils. Additionally, since the light path
equals the product of the refractive index and
the distance, the characteristic displacement of
the signal arm in OCT can serve as the poten-
tial index of oil identi¯cation.

(2) The interference signals of the three di®erent
types of oils before dispersion compensation show
envelope broadening to varying degrees. First, the
¯rst minimum value of signal intensity in Fig. 10
is marked by the data moving mark function of

(a) Phase spectrum of peanut oil (b) Amplitude spectrum of peanut oil (c) Phase spectrum of colza oil

(d) Amplitude spectrum of colza oil (e) Phase spectrum of waste (f) Amplitude spectrum of waste oil

Fig. 9. Phase and amplitude spectra of the three oils.

Refractive index characteristics of edible oils
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MATLAB software, which has four points in
total. Secondly, f was supposed to be the axial
signal broadening factor and de¯ned as f ¼
½ðx4 � x1Þ � ðx3 � x2Þ�/(x3 � x2Þ. Therefore,
taking peanut oil as an example, the calculated
result can be expressed as f = [ð459:2�
440:6Þ�ð454:5�444:4Þ]/ð454:5� 444:4Þ ¼ 0:84.
Similarly, the calculated f values for colza oil
and waste oil are 0.64 and 0.91, respectively.

Evidently, the signal broadening signi¯cantly drops
after dispersion compensation, and the signal after
dispersion compensation is almost coincident with
the interference signal without dispersion. Therefore,
given the dispersion characteristics of the oils, the
dispersion of the OCT system can be compensated
via deconvolution to enhance the axial resolution.

4.2.3. Pulse broadening induced by oil

dispersion

Since the propagation speed of light in the disper-
sive medium is connected with the frequency and
the refractive index, the pulse signals of the light

during the propagation through media with di®er-
ent refractive indexes show di®erent phase delays,
¯nally resulting in pulse broadening to di®erent
degrees. Figure 11 shows the pulse broadening
results of three di®erent types of oil samples.

It can be observed that at a frequency of
3:05	 1014–3:4	 1014 Hz, the pulse broadening
factors of the peanut oil sample, the colza oil sam-
ple, and the waste oil sample are in the ranges of
1.33–0.74, 1.18–0.59, and 1.51–0.81, respectively.
These values are in good agreement with the above-
mentioned envelope broadening factors of OCT in-
terference signals induced by oil dispersion 0.84,
0.64, and 0.91.

5. Conclusions

The behavior of the refractive index with varying
wavelength and the spectral characteristics of three
di®erent types of oil samples (peanut oil, colza oil,
kitchen waste oil) are very similar, indicating the
existence of many correlated components in di®er-
ent oils. However, the refractive index Cauchy

(a) Signal of peanut oil (b) Signal of colza oil (c) Signal of waste oil

Fig. 10. Envelope of interference signal before and after dispersion compensation of three edible oil samples.

(a) Peanut oil pulse broadening (b) Colza oil pulse broadening (c) Waste oil pulse broadening

Fig. 11. Pulse broadening of three oil products.

S. Xu & X. Li
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matrices of the three di®erent types of oils show
distinct di®erences. Accordingly, the mathematical
model for the oil refractive index in a broad wave-
length range � 2 ð380; 1500Þ nm overcomes the
limitations of the existing research results, such as
roughness and narrow waveband, and exhibits a
series of advantages, including high precision and
strong general applicability. Moreover, the e®ect
of the speci¯c holding device can be eliminated so
as to e®ectively highlight the speci¯city among
di®erent types of edible oil products. Therefore,
the refractive index model and the Cauchy
matrix are appropriate as e®ective indexes for oil
identi¯cation.

Based on the dispersion characteristics of di®er-
ent oils (i.e., the mathematical model of the re-
fractive index), dispersion compensation was
performed on the OCT system via deconvolution,
which can e®ectively enhance the axial imaging
resolution and simultaneously reduce the amplitude
spectra of the interference signal. These two results
cause opposite e®ects on the OCT imaging depth.
The present study can provide theoretical founda-
tions for extracting di®erent dispersion compensa-
tion parameters from di®erent oil products in OCT
experiments. Both the characteristic displacement
of the signal arm in dispersion compensation and
the dispersion-induced pulse broadening factors can
serve as potential indexes for oil identi¯cation.

Con°ict of Interest

The authors declare that there is no con°ict of in-
terest relevant to this article.

References

1. Z. Niu, M. Tong, T. Chen, \Study on food safety
risk cognition based on edible oil," Food Res.
Develop. 40(14), 204–210 (2019) (in Chinese).

2. Z. Wu, H. Li, D. Tu, \Application of Fourier
Transform Infrared (FT-IR) spectroscopy combined
with chemometrics for analysis of rapeseed oil
adulterated with re¯ning and puri¯cating waste
cooking oil," Food Anal. Methods 8(10), 2581–2587
(2015).

3. M. Soh, J. J. Chew, S. Liu et al., \Comprehensive
kinetic study on the pyrolysis and combustion
behaviours of ¯ve oil palm biomass by thermo-
gravimetric-mass spectrometry (TG-MS) analyses,"
Bioenergy Res. 12(2), 370–387 (2019).

4. W. Zhu, X. Wang, L. Chen, \Rapid detection of
peanut oil adulteration using low-¯eld nuclear
magnetic resonance and chemometrics," Food
Chem. 216, 268–274 (2017).

5. S. L. Zhou, S. P. Zhu, G. L. Li et al., \Study on
the measurement and optimization of soybean oil
optical spectrum in THz range," Spectrosc. Spect.
Anal. 36(4), 924–928 (2016).

6. W. Chengchao, Experimental Research and Molec-
ular Dynamics Simulation of Optical Constants of
Liquids, Harbin Institute of Technology (2018)
(in Chinese).

7. X. C. Li, J. M. Zhao, L. H. Liu et al., \Optical
properties of edible oils within spectral range from
300 to 2500 nm determined by double optical path
length transmission method," Appl. Opt. 54(13),
3886–3893 (2015).

8. H. Zhang, M. Chen, T. Tian et al., \Rapid analysis of
edible-oil refractive index using optical interferometry,"
Optic. Instrum. 39(1), 1–5 (2017) (in Chinese).

9. H. A. Macleod, Thin-Film Optical Filters, 4th
Edition, Translated by X. Degang, J. Dongfang,
W. Yuye et al., pp. 45–48, Science Press of China,
Beijing (2016).

10. G. Wu, F. Cao, H. Qi et al., \Experimental analysis
on optical constants of slide glass based on trans-
mission method," Optic. Technique 41(5), 416–418
+424 (2015) (in Chinese).

11. W. J. Choi, B. Baumann, E. A. Swanson et al.,
\Extracting and compensating dispersion mismatch
in ultrahigh-resolution Fourier domain OCT imaging
of the retina," Opt. Express 20(22), 57–68 (2012).

12. D. Huang, E. A. Swanson, C. P. Lin et al., \Optical
coherence tomography," Science 254(5035), 1178–
1181 (1991).

13. M. Wojtkowski, V. Srinivasan, T. Ko et al.,
\Ultrahigh-resolution, high-speed, Fourier domain
optical coherence tomography and methods for dis-
persion compensation," Opt. Express 12(11), 2404–
2422 (2004).

14. D. Zhihua, C. Minghui, W. Kai et al., \High-speed
swept source and its applications in optical fre-
quency-domain imaging," Chin. J. Lasers 36(10),
2469–2476 (2009) (in Chinese).

15. R. Sacconi, E. Corbelli, A. Carnevali et al., \Optical
coherence tomography angiography in pseudophakic
cystoid macular oedema compared to diabetic
macular oedema: Qualitative and quantitative
evaluation of retinal vasculature," Br. J. Ophthal-
mol. 102(12), 1684–1690 (2018).

16. L. Pan, X. Wang, Z. Li et al., \Depth-dependent
dispersion compensation for full-depth OCT image,"
Opt. Express 25(9), 10345 (2017).

17. L. Pan, Z. Li, X. Wang et al., \Depth-dependent
dispersion compensation for optical coherence

Refractive index characteristics of edible oils

2140010-11

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
1.

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

71
.8

3.
9.

10
2 

on
 0

2/
08

/2
1.

 R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



tomography," Acta Opt. Sin. 37(5), 110–117 (2017)
(in Chinese).

18. T. A. Al-Saeed, M. Y. Shalaby, D. A. Khalil,
\Dispersion compensation in Fourier domain optical
coherence tomography," Appl. Opt. 53(29), 6643–
6653 (2014).

19. Y.-H. Chen, Z. Ding, X.-F. Yu et al., \Signal pro-
cessing and image reconstruction in optical coherence

tomography based on digital Hilbert trans-
formation," Opto-Electron. Eng. 2006(4), 31–34
(2006) (in Chinese).

20. L. Guozhong, Z. Zhehai, Q. Jun et al., \Application
of amplitude and phase registration in blood °ow
imaging using optical coherence tomography," Acta
Phys. Sin. 62(14), 556–565 (2013) (in Chinese).

S. Xu & X. Li

2140010-12

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
1.

14
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 1

71
.8

3.
9.

10
2 

on
 0

2/
08

/2
1.

 R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.


	Refractive index characteristics of edible oils based on spectrometry and effects of oil dispersion on OCT
	1. Introduction
	2. Experiment
	2.1. Experimental samples and holding device
	2.2. Experimental instrument
	2.3. Experimental methods

	3. Holding Device and the Refractive Index Model of Oil
	3.1. Theoretical analysis of the refractive index of the double glass sheet holding device
	3.1.1. Air&ndash;glass sheet &x2460; &mdash; sample transmission process
	3.1.2. Air&ndash;glass sheet &x2461; &mdash; sample transmission process
	3.1.3. Analytic relationship between the refractive index, the transmissivity, and the reflectivity

	3.2. Experimental results of the refractive index
	3.3. Reflective index of the glass sheet
	3.4. Refractive index of oil
	3.5. The Cauchy equation of the refractive index of oil

	4. Effect of Oil Dispersion on OCT
	4.1. Analysis of OCT dispersion characteristics
	4.2. Deconvolution of numerical compensation for oil dispersion in OCT
	4.2.1. Phase and amplitude spectra of oils
	4.2.2. Comparison of the interference signals before and after dispersion compensation
	4.2.3. Pulse broadening induced by oil dispersion


	5. Conclusions
	Conflict of Interest
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 900
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


