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Abstract: Accurate quantification of sugar in food and pharmaceutical products is important to achieve the desired levels of sweetness,
texture, flavor, and nutritional content. This article introduces a novel polarization-sensitive interferometric method for measuring the
concentration of sugar in solutions. The impact of sugar concentration is investigated by analyzing the visibility of the interference
pattern using a Mach-Zehnder interferometer with an interference pattern scanning and recording system. The visibility of the
interference fringes is determined by cross-sectional scanning of the fringe pattern from its center over the photodetector, followed by
cut-profile analysis. As the concentration of sucrose, glucose, and fructose increases, a gradual decrease in interference pattern visibility
is observed, following a parabolic trend within the broader detection range of 0–14 g/50 ml. The sensor’s performance is divided into
two linear regions: region-1 (0–6 g/50 ml) and region-2 (6–14 g/50 ml). In region-1, fructose exhibited the highest sensitivity of 0.0195
(g/50 ml)−1, which is 6.09 times and 1.89 times higher than glucose and sucrose, respectively. Similarly, in region-2, fructose showed a
sensitivity of 0.077 (g/50 ml)−1, surpassing glucose by 3.56 times and sucrose by 2.41 times. However, sucrose achieved the lowest
limit of detection of 0.0021 g/ml, which is 2.76 times and 1.71 times better than glucose and fructose, respectively. The decreasing trend
in interference pattern visibility is further validated through irradiance and optical rotation measurements of the laser beam passing
through the sugar solutions relative to the reference laser beam. Results from both optical techniques demonstrated good agreement, with
average deviations of 1.75%, 1.72%, and 4.24% for sucrose, glucose, and fructose, respectively. The proposed technique is universally
applicable for measuring the concentration of transparent, optically active solutions and has the potential to be a valuable tool for quality
control and optimization in the food and pharmaceutical industries.
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1. Introduction

Quantification of saccharides in different solutions is pivotal for
various applications, including standardized food and beverages
production, pharmaceuticals, biotechnology, and medical research
[1]. Saccharides are essential components in a multitude of
products and processes, such as sweetening products, intensifying
flavor [2, 3], stabilizing active ingredients, improving the
solubility of drugs in pharmaceuticals [4–7], and providing an
appropriate environment for cells or organisms to proliferate and
function in biotechnology researches [8–10]. Moreover, sugar
concentration in the blood or other bodily fluids can be utilized to
diagnose and monitor diseases, specifically diabetes [11–16].
Quantifying sugar in solutions is also imperative for guaranteeing
food product quality and safety, allowing manufacturers to meet

desired specifications and yield safe products for consumption,
since higher levels of sugar in the blood can increase the risk of
diabetes, obesity, heart diseases, and accelerate aging [17].

Concentration measurement of chiral materials is often remained
the subject of biochemical analysis. Various other reported techniques
include refractometery [18], microgap biosensing [19], spectrometry
[20], Fourier transform near-infrared spectroscopy (FT-NIR) [21],
attenuated total reflectance terahertz (ATR-THz) spectroscopy
[22, 23], conductivity variation with varying radiofrequency [24],
terahertz nano-antennas [25], microwave cavity perturbation [26], etc.
Sugar detection using optical techniques is particularly appealing for
several reasons: they are fast, immune to electromagnetic interference,
remotely measurable, utilize non-ionizing radiation for interrogation
of the sample, and generally do not require consumable reagents [27].
Optical detection includes holography [28, 29], optical nanoprobes
[30], speckle decorrelation [31], polarized Muller’s matrices [32],
Bragg diffraction [33], polarimetry [34–37], interferometry [38], etc.

Saccharides, being chiral or optically active carbohydrates,
have been subjected to polarimetry for decades as a well-known
optical detection technique for the quantitative analysis of sugar
[39–43]. It determines a rotation of the angle of polarization when
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a polarized light passes through their solutions. The magnitude of the
angle of rotation is distinct for different materials at different
concentrations, thus allowing for the estimation of their
concentrations from the degree of rotation in the plane of
polarization of a laser beam that passes through their solutions [44].
Chiral materials are typically composed of at least one asymmetric
atom in their molecular structure, such as carbon, sulfur,
phosphorus, and silicon. This asymmetry results in the formation of
two different types of isomers. The isomer that rotates the plane of
polarization clockwise is known as dextrorotatory or right-handed,
while the isomer that results in the anticlockwise rotation of the
polarization is called levorotatory or left-handed. Although the
geometrical shape and chemical composition of both molecules are
identical, they are mirror images of each other and are referred to as
enantiomers. Both enantiomorphs rotate the plane of polarization of
light by the same magnitude, but in opposite directions. Biot’s law
describes the mathematical equation for the optical interaction of
linearly polarized light with chiral specimens as:

α½ �Tλ¼
α

LC
(1)

The term ½α�Tλ is known as specific rotation of the chiral material
when exposed to a specific wavelength of light (λ) at temperature
(T), where, α is the rotation of the plane of polarization of the
transmitted light, L is the optical path length in the sample and
C is its concentration.

Optical interferometry is an efficient optical technique utilized
to quantitatively assess chiral samples in solution [45–52]. The
quantitative determination can be performed by measuring
visibility of the interference pattern [53]. Generally, a polarized
laser beam is divided into two parts, one of which is transmitted
through the chiral solution and is then interfered with the other
part of the laser beam. Chiral materials rotate the plane of
polarization of the light beam according to their concentration
which directly affects the visibility of interference and causes
a proportional incoherence in the sensing beam of the
interferometer. Interference pattern contrast is ideally one
when both reference and sample beams have perpendicular
polarization to the plane of incidence and have the same
intensities. However, the interference vanishes and hence the
visibility becomes zero when polarization of the sample and
reference light beams are perpendicular to each other, even with
same intensity of the two light beams. The visibility of the
interference pattern is determined from the interference pattern
as [38]:

V ¼ Imax � Imin

Imax þ Imin
(2)

where V is the visibility, Imax and Imin represent the resultant
irradiances corresponding to maxima and adjacent minima in
the interference pattern. By determining the polarimetric
measurement of the laser beam passing through the chiral
sample, visibility can also be defined as

V ¼ 2
ffiffiffiffiffiffiffi
I1I2

p
I1 þ I2

cosθ (3)

where I1 and I2 are the irradiances of reference and sample beams
respectively and θ is rotation of the polarization vector of the
sample beam [38]. The intensity of light absorbed by a solution is

directly proportional to its concentration, which can be quantified
using by Beer-Lambert’s law [54]:

A ¼ α λð ÞLC (4)

where A represents the absorbance, α(λ) denotes the wavelength
dependent absorption coefficient, L and C show the optical path
length in the sample and the concentration of the solution
respectively. In the literature, the interference patterns are
typically evaluated through image processing, which necessitates a
high-quality CCD or CMOS camera to capture images of the
interference pattern at varying concentrations of chiral solutions,
the visibility of which is then determined through image
processing [38, 55]. This analytical technique is prone to speckle
noise, which limits the detection capability of the device.

This article presents a novel, to the best of our knowledge,
polarization-sensitive interferometric approach for quantitatively
measuring the concentration of chiral materials such as sucrose,
glucose, and fructose in a solution. A sample tube containing the
sugar sample of a specific concentration is placed in one arm of a
Mach-Zehnder interferometer, and the resulting interference patterns
are scanned onto a photodetector to record the interference pattern
in real time. The visibility of the interference pattern is determined
as a function of concentration of sugar, with a decrease in the
visibility of the pattern observed with an increase in the
concentration of the sugar sample due to incoherence caused by the
sugar solution when the polarized laser beam passes through it.
Visibilities of interference patterns are cross-verified by measuring
the optical rotation in the plane of polarization and irradiance of the
transmitted beam through the sample using Equation (3). The
reported technique can be applied to determine the concentration of
any transparent optically active solutions.

2. Experimental Setup

The designed interferometric polarimeter composed of Mach-
Zehnder interferometer and interference pattern scanning and
recording system. Laser beam from a frequency stabilized HeNe
laser (wavelength: 632.8 nm, output power: 1 mW, beam diameter: 1
mm, vertically polarized) is guided by an aluminum-coated mirror
M1 towards a Faraday isolator to prevent back-reflections in the
laser. The transmitted laser beam is then divided by a non-polarizing
50:50 beamsplitter BS1 into two beams, referred to as the reference
and sensing beams. These beams are then reflected by two
aluminum-coated mirrors (M2 and M3) at 90o each. Both the beams
are then recombined and interfered at second beamsplitter BS2. The
resultant interference pattern is 30 times magnified by the lenses
L1and L2 and then scanned onto an amplified photodetector module
(BPX65) by mirror M4 driven by a DC servomotor (2.19 arc-sec
step, Thorlabs Inc., US) interfaced with a personal computer (PC).
The response of the photodetector is then recorded by a digital
oscilloscope (1 GHz, 4 GSa/s, Agilent Technologies, US) and
analyzed by a PC connected to it. The image of the reflected
interference pattern from the beamsplitter is also captured by a reflex
camera for visual inspection of the interference pattern. Analytical
grade D(+)-Sucrose (Applichem), D(+)-Glucose (Chem-Lab), and
D(−)-Fructose (VWR Chemical, BDH) are accurately weighed on an
electronic balance (AND CB-300) and added to 50 ml of deionized
(DI) water. The mixture is stirred at room temperature for 10 min on
a magnetic hot-plate (Heidolph MR 2002) using a magnetic stirrer. A
sample tube (Pyrex glass, internal diameter: 25 mm, length: 146 mm)
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with anti-reflection (AR)-coated NBK7 windows at the end faces is
filled with the sugar solutions and placed in the mid of the sensing
arm of the Mach-Zehnder interferometer. The AR-coated NBK7
windows are used to reduce interference artifacts due to reflection
and to preserve the polarization state of the integrating laser beam
with the sample solution. The arm lengths of the interferometer are
kept at about 300 mm, and the sample tube is placed at the center of
the sensing arm, as schematically shown in Figure 1. The windows
of the sample tube are cleaned each time before filling with the
solutions. Interference patterns are recorded and analyzed for each
solution at different concentrations. The experiment is repeated five
times for each concentration, and the results are averaged.

3. Results and Discussion

Subsequent to thorough cleansing, the sample tube was filled
with the sugar solutions prepared in DI water. The irradiance and
optical rotation of the transmitted laser beam from the sample tube

are the primary factors influencing the visibility of the interference
fringes. Therefore, both of these parameters were measured one
by one for the transmitted beam. Intensity of the transmitted beam
wasmeasured by 3Σ laser power energymeter withOP-2VIS optical
sensor head (Coherrent, US). A linear decrease in the transmitted
power of the laser beam was observed with an increase in sugar con-
centration in the solution, as illustrated by the linear fitting over the
scatters by solid lines in Figure 2(a). This linear variation in
the power of the transmitted beam with the variation in the
sugar concentration in the solution can also be confirmed by Beer-
Lambert’s law, as expressed in Equation (4). Fructose solutions
exhibited an absorption of 4.02 μW/(g/50 ml), which was 2.15
and 2.95 times higher than the corresponding sucrose and glucose
concentration, respectively. This may be attributed to the light
yellowish color of the fructose solution, which caused a relatively
higher absorption. Polarimetric analysis of the sample beam was
performed for different sugar solutions by a phase lock-in rotating
analyzer (PLRA) polarimeter as reported in our previous paper [44].

Figure 1
Schematic diagram of the experimental setup for interference fringes scan interferometric polarimeter.
The labels M1, M2, M3, and M4 represent aluminum-coated reflecting mirrors, BS1 and BS2 are the

non-polarizing (50:50) beam splitters, and L1 and L2 are the convex lenses

Figure 2
(a) Intensity variation of the sample beam after passing through the sample tube with different concentrations of sugar solutions. (b)
Optical rotation in the polarization of the sample beam caused by the sugar solutions at different concentrations. Solid lines over the

corresponding scatters show the linear curve fitting
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DI water showed no optical rotation; however, a linear
dextrorotatory nature was observed for sucrose and glucose from
their positive slopes, and a levorotatory nature was observed for
fructose from their negative slope, as shown in Figure 2(b). Fructose
displayed a linear variation of −5.46o/(g/50 ml), which was 1.67 and
2.24 times higher than the corresponding magnitudes of optical rota-
tions of sucrose and glucose, respectively.

The Cut Profile Analysis is applied for visibility determination of
the interference pattern. The interference pattern for each concentration is
cross-sectionally scanned from its center over the photodetector, which
has a square active area of 1 × 1 mm. By examining the intensity
variations along this 1 × 1 mm cross-sectional slice, the visibility of
the fringes is determined using Equation (2). This approach provides
a real-time localized measurement of visibility across the central
cross-section of the interference pattern. The central position of the
interference pattern is critical to find in distilled water at zero
concentration of sugar. Therefore, the interference pattern is vertically
scanned across the central fringe, and the position of maximum
intensity is fixed to nominate it as the center of the interference pattern.

To prevent distortion of the fringes, the sugar solution in the
sample tube was allowed to settle for 3–5 min prior to recording the
interference pattern. The mirror M4 was driven by a DC servomotor

to scan the interference patterns over the photodetector. The digital
oscilloscope then captured the patterns, which are illustrated in
Figure 3(a) and (b) for deionized water and 14 g/50 ml of sucrose
solution, respectively. The central fringes of the interference pattern
exhibit the highest intensity, which then decreases in a sequential
manner towards the edges. The maxima and minima of each
interference pattern are fitted with a Gaussian function, represented
by dotted and dashed lines respectively, as shown below:

y ¼ yo þ
Ae

�4ln 2ð Þ x�xcð Þ2
Δw2

Δw
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π=4ln 2ð Þp (5)

where yo,A, xc, andΔw are the constants of the function, which define
the base, magnitude, center, and FWHM of the Gaussian function,
respectively. It is evident that the maxima and minima of the
interference patterns are accurately traced by the fitting functions,
indicating the perfection of the patterns.. The visibility of the
interference patterns for DI water and 14 g/ml of sucrose solution
was 0.974 and 0.653, respectively. Alongside, the representative
optical rotation of DI water and 14 g/50 ml of sucrose solution is
depicted in Figure 3(c) and (d). Furthermore, the deterioration in

Figure 3
Intensity profile of interference patterns recorded for (a) DI water (b) 14 g/50 ml of sucrose solution. Optical rotation observed by
PLRA polarimeter for (c) DI water (d) 14 g/50 ml of sucrose solution. Images of interference patterns captured by the reflex camera

for (e) DI water and (f) 14 g/50 ml of sucrose solution
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the interference pattern is clearly visible in the photograph taken by
the reflex camera for 14 g/ml of sucrose solution as depicted in
Figure 3(f). Conversely, DI water showed no deterioration in the
interference pattern, as shown in Figure 3(e).

Interference patterns were individually recorded for sucrose,
glucose, and fructose at different concentrations ranging from
0 to 14 g/50 ml. The visibilities of the corresponding interference
patterns were assessed from the maxima and adjacent minima
using Equation (2). A sequential decreasing trend is observed in
the visibility with increase in the concentration for each sugar sample.
To verify the results, visibilities were also calculated from irradiance
and optical rotation of the transmitted laser beam from the sugar
solutions using Equation (3). For comparison, the detected and
calculated visibilities were plotted over each other, as shown in
Figure 4. It can be observed that the visibilities detected directly from
the interference pattern and those calculated indirectly from the
irradiance and optical rotation followed a similar trend, with an
average deviation of 1.75%, 1.72%, and 4.24%, respectively, for
sucrose, glucose, and fructose. Thus, the performance of the novel
polarization-sensitive interferometric scheme was cross-checked and
found to be satisfactory. The deterioration of interference fringe
visibility for fructose solutions was found to be 1.19 and 128 times
greater than that of sucrose and glucose, respectively. This may be
associated with the higher optical rotation of fructose solutions, as
evidenced by its specific rotation (½α�Tλ ) of −92.4 deg dm−1 cm3 g−1

for the D-line of the sodium lamp (λ= 589.3 nm, T= 20 oC) [56], com-
pared to 66.5 and 52.5 deg dm−1 cm3 g−1 for sucrose and glucose, respec-
tively. Moreover, the absorption of the HeNe laser beam is higher for
fructose than for sucrose and glucose, resulting in a lower fringe contrast
for fructose solutions. The decreasing trend in the visibilities of interfer-
ence patterns for glucose and fructose reported by Calixto et al. [38] was
supported by a polynomial fitting function of degree 4, which shows the
higher degree of nonlinearity in their system which leads to deviation

Figure 4
Variations in visibilities with change in sugar concentration as

determined from maxima and adjacent minima of the
interference patterns using Equation (2) and calculated based on
polarimetric rotation and intensity of the transmitted beam

through the sugar sample using Equation (3)

Table 1
Performance summary of the developed interferometric polarimeter for quantification of sugar solutions

Concentration
(g/50 ml)

Transmittance
(μW)

Optical
rotation (o)

Visibility
detected

Visibility
calculated

Visibility
difference (%)

Sucrose 0 239 0 0.97 0.99 1.24
2 234 9.3 0.96 0.97 1.36
4 230 13.8 0.94 0.95 1.60
6 226 19.94 0.91 0.93 2.28
8 223 28.05 0.86 0.87 1.03
10 219 33.03 0.80 0.82 1.86
12 216 41.74 0.74 0.73 0.88
14 212 45.87 0.65 0.68 3.72

Concentration
(g/50 ml)

Transmittance
(μW)

Optical
rotation (o)

Visibility
detected

Visibility
calculated

Visibility
difference (%)

Glucose 0 239 0 0.98 0.99 0.80
2 236 2.97 0.98 0.98 0.81
4 233 5.82 0.97 0.98 0.81
6 230 10.52 0.96 0.97 0.82
8 228 14.85 0.93 0.95 1.68
10 225 20.64 0.89 0.92 3.04
12 222 26.66 0.84 0.88 3.68
14 220 34.7 0.79 0.80 2.10

Concentration
(g/50 ml)

Transmittance
(μW)

Optical
rotation (o)

Visibility
detected

Visibility
calculated

Visibility
difference (%)

Fructose 0 239 0 0.97 0.99 1.71
2 232 −5.86 0.95 0.98 2.74
4 225 −15.25 0.91 0.95 3.81
6 218 −25.85 0.85 0.88 3.05
8 210 −44.74 0.76 0.74 1.77
10 202 −53.98 0.61 0.58 5.15
12 192 −59.64 0.43 0.45 5.93
14 182 −73.25 0.25 0.28 9.73
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from the theoretical justification in Equations (2) and (3). In comparison,
our experimental technique is more cost-effective and does not suffer
from speckle noise associated with images taken by a camera, resulting
in results that are more closely aligned with the theoretical trend.
Furthermore, the rise time of our photodetector (12 ns) is rapid enough
to detect changes in the visibility of the interference pattern quickly.
Performance of the designed interferometric polarimeter for three differ-
ent sugar solutions is summarized in Table 1.

3.1. Hysteresis, sensitivity and limit of detection
(LOD) of the sensor

For hysteresis analysis, the sugar concentration is increased and
then decreased across the full working range of the sensor in steps of
2 g/ml, and the visibility of the interference pattern is determined as
presented in Figure 5. Overall, the concentration vs. visibility

curves followed parabolic trends. However, two distinct linear
regions can be identified: one in the lower concentration range
(0–6 g/50 ml) and another in the higher concentration range
(6–14 g/50 ml), which are used to determine the respective
sensitivities and LODs. The parabolic and linear fitting functions
and related parameters are listed in Table 2. The hysteresis
values are 0.95%, 0.91%, and 2.63% of the maximum visibilities
for the interference patterns of sucrose, glucose, and fructose,
respectively. Sensitivities are determined from the respective
slope of the linear curve fitting and LOD is determined by:
LOD ¼ 3 δ

S

� �
[57], where δ is the standard deviation of the intercept

and S is the slope of the calibration curve. In the region-1, fructose
offered the highest sensitivity of 0.0195 (g/50 ml)−1, which
was 6.09 times that of glucose and 1.89 times that of sucrose. In
the region-2, fructose again offered the highest sensitivity of
0.077 (g/50 ml)−1, which was 3.56 times that of glucose and

Figure 5
Repeatability and hysteresis analysis of the proposed interferometric polarimeter for one full cycle of the increasing and decreasing
concentrations for (a) sucrose, (b) glucose, and (c) fructose. Each parabolic curve can be divided into two linear regions: 0 – 6 g/50 ml

and 6 – 14 g/50 ml, as shown in the inset of the plots

Table 2
Curve fitting parameters of parabolic and linear functions applied to the data points of Figure 5.

Only the increasing concentration curve fitting parameters are listed here

Sugar type

Linear fit (y ¼ mþ p)

Polynomial fit (y ¼ ax2 þ bx þ c)
Region-1

(0 – 6 g/50 ml)
Region-2

(6 – 14 g/50 ml)

a b c m p m p

Sucrose −0.0015 −0.0020 0.9716 −0.0103 0.9759 −0.0320 1.1070
Glucose −0.0013 0.0041 0.9759 −0.0032 0.9799 −0.0216 1.0920
Fructose −0.0040 0.0047 0.9641 −0.0195 0.9790 −0.0216 1.3431
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2.41 times that of sucrose. The LODs were also calculated from the
fitting parameters in both regions for each sugar sample. In the
region-1, sucrose offered the lowest LOD of 0.0021 g/ml, which
was 2.76-fold that of glucose and 1.71-fold that of fructose.
In the region-2, sucrose again offered the lowest LOD of 0.0036
g/ml, which was 1.30-fold that of glucose and 1.18-fold that of
fructose. Table 3 compares the sensitivities and LODs of the
interferometric polarimeter in the two linear regions with those
of our recently reported PLRA polarimeter [44]. It can be seen that
the interferometric polarimeter offered 18.29 times and 16.11 times
improved LODs than the PLRA polarimeter in the regions 1 and 2,
respectively.

4. Conclusion

An interferometric polarimeter-based sugar sensor has been
developed and demonstrated. Concentration of the sugar solution
was determined from the visibility of Mach-Zehnder interference
pattern. The visibility is found to be directly affected by
concentration of the sugar solution due to its optical rotation and
irradiance of the laser beam passing through the sample. The
sensor offered a parabolic response for interference pattern
visibility variation with change in the sugar solution
concentration. Two distinct linear regions 0 – 6 g/50 ml and
6 – 14 g/50 ml are identified for sensitivity and LOD
calculation. In the region-1, fructose had highest sensitivity of
0.0195 (g/50 ml)−1, which was 6.09 times that of glucose and
1.89 times that of sucrose. Also, in the region-2, fructose showed
sensitivity of 0.077 (g/50 ml)−1, which was 3.56 times and
2.41 times higher than those of glucose and that of sucrose,
respectively. In the region-1, sucrose offered the lowest LOD of
0.0021 g/ml, which was 2.76-fold better than that of glucose and
1.71-fold that of fructose. In the region-2, sucrose had the lowest
LOD of 0.0036 g/ml, which was 1.30-fold improved than that of
glucose and 1.18-fold that of fructose. For hysteresis analysis,
repeatability response is observed in one full cycle of increasing and
decreasing concentrations of the sugar solutions. An average
deviation of ±0.011, ±0.010, and ±0.029 is observed in the
visibilities detected in increasing and decreasing concentrations of
sucrose, glucose, and fructose. This confirms the acceptable precision
and hysteresis-free response of the sensor. Visibilities of the
interference patterns were also confirmed from the irradiance and
optical rotation of the sample beams with respect to the reference
beam at different concentrations of sugar solutions. An average
deviation of 1.75%, 1.72%, and 4.24% is found in the visibilities
calculated by the two different optical schemes for sucrose, glucose,
and fructose, respectively. Thus, the performance of the novel
polarization-sensitive interferometric scheme was cross-checked and
found to be satisfactory.
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