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Temperature-insensitive sensor for glucose brix meas-
urement based on compact spindle-shaped structure 
with two-mode fiber* 
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A temperature-insensitive sensor for glucose brix measurement based on compact spindle-shaped structure with 
two-mode fiber (TMF) is proposed. Due to the bending of optical fiber caused by flame baking, some of the light en-
ergy transmitted in the core leaks into the cladding area as an evanescent wave, which excites the higher-order clad-
ding mode of the sensor. The experimental results show that when the length of TMF is 3 cm and the bending diameter 
is 4 mm, the maximum glucose brix sensitivity of the sensor is 0.368 nm/% from 0 to 21%. The sensor is insensitive to 
temperature from 10 °C to 50 °C, which can avoid the problem of temperature cross-sensitivity. A compact spin-
dle-shaped sensor is a potential effective sensor with a simple structure, easy fabrication and low cost. The sensor can 
be used to detect glucose content in areas such as crops quality assessment and the research of pharmacy and bioengi-
neering.  
Document code: A Article ID: 1673-1905(2022)12-0737-6 
DOI  https://doi.org/10.1007/s11801-022-2106-6 
 

 

                                                   
*   This work has been supported by the National Natural Science Foundation of China (No.62003237), the Tianjin Enterprise Technology Commis-

sioner Project (No.20YDTPJC01700), the State Key Laboratory of Applied Optics (No.SKLA02020001A02), and the Tianjin Municipal Educa-
tion Commission Scientific Research Project (No.2017ZD15). 

**  E-mail: tjtongzhengrong@163.com 

Until now, optical Mach-Zehnder interferometer (MZI) 
sensors have been widely used to measure a variety of 
physical parameters[1], including temperature[2], refrac-
tive index (RI)[3], humidity[4], micro-displacement[5] and 
fluid level[6]. The sensors have a compact size, light 
weight, low cost, and good resistance to electromagnetic 
interference, which make them applicable in harsh envi-
ronments. Recently, many researchers have explored 
various bent fiber structures, such as balloon-like[7], 
ring-shaped[8], S-shaped[9] and U-shaped[10] structures, 
for the measurement of various physical parameters. 
These structures only need to bend the fiber without 
damaging the external surface of the optical fiber[11-13]. In 
addition, bending of the fiber makes some light energy in 
the core of fiber leak into the cladding for transmission, 
resulting in a powerful optical fiber attenuation in the 
bent area. And optical fiber fade field is sensitive to ex-
ternal RI changes.  

Measuring glucose brix is a method for assessing the 
ripeness and quality of fruits and vegetables, and it has 
great applications and future prospects in the pharmacy 
and bioengineering. Therefore, sensor research related to 
the measurement of glucose brix is becoming more and 
more important. For example, LOKMAN et al[14] studied 

a dumbbell-shaped structure inline MZI for the detection 
of glucose, the sensitivity of the sensor is 0.04 nm/% in 
the range of 0—12%. JIANG et al[15] presented a la-
bel-free biosensor based on graphene oxide (GO) and 
glucose oxidase (GOD) functionalized tilted fiber grating 
(TFG) with large tilted angle for low concentration glu-
cose detection, and the sensitivity of the sensor is 
~0.24 nm/mM in the range of 0—8 mM. WANG et al[16] 
proposed a biconical sensor based on a cascade structure 
of three-core optical fibers, with a glucose sensitivity of 
195.67 pm/% for glucose concentrations range from 1% 
to 15%.  

In this paper, we present a temperature-insensitive 
sensor for glucose brix measurement based on a compact 
spindle-shaped structure with two-mode fiber (TMF). 
The simulation experiments of TMF with different 
lengths and bending diameters are given, and it is con-
cluded that the results are better when the length of TMF 
is 3 cm and the bending diameter is 4 mm. The experi-
mental results show that the glucose brix highest sensi-
tivity is 0.368 nm/% from 0 to 21%. The sensor is insen-
sitive to temperature in the range of 10—50 °C, which 
can avoid the problem of temperature cross-sensitivity. 

Fig.1 is a schematic of the proposed sensor. The short 



·0738·                                                                        Optoelectron. Lett. Vol.18 No.12 

axis D is defined as the bending diameter of the sensor, 
and L is defined as the length of the TMF. In the manu-
facturing process, both ends of the TMF (14 μm/125 μm) 
after peeling off the coating layer are connected with a 
single mode fiber (SMF) (8.2 μm/125 μm), respectively. 
Then a lead-in SMF and a lead-out SMF are penetrated 
into the same end of a capillary tube (inner diameter 
500 μm). At the top of the capillary tube, the 
SMF-TMF-SMF (STS) structure is extruded into a bal-
loon-like structure. When the center of the balloon-like 
with STS structure is suspended in the flame of the can-
dle, due to heating by flame, the balloon-like structure 
will rapidly shrink inward in less than 1 s to form a spin-
dle-shaped structure with a diameter greater than 1 cm. 
Then a spindle-shaped structure with a diameter greater 
than 1 cm will be suspended at a distance of ~1 mm 
around the outer flame of the candle to bake it for ~2 s to 
form the proposed spindle-shaped structure. During the 
experiment, the flame should remain stable. As shown in 
Fig.1, the light enters the spindle-shaped structure from 
the lead-in SMF. Most of the light continues to travel 
along the fiber core. Due to the bending of the optical 
fiber, some of the light in the core leaks into the outer 
cladding of the TMF, which excites the high-order clad-
ding mode of the TMF. When they reach the curved end, 
some light is coupled back to the lead-out SMF, resulting 
in multimode interference. 
 

 
Fig.1 Proposed sensor structure 

Different sizes of SMF-TMF-SMF structures are 
simulated by using Rsoft software as shown in Fig.2 and 
Fig.3. The background refractive index is 1, the central 
wavelength is 1 550 nm, and both the lead-in SMF and 
lead-out SMF are 1 cm in length. 

 

 

 

 
 

 
Fig.2 Simulated optical field distributions and the 
transverse mode profiles of the sensor when TMF 
length is 3 cm: (a) Straight fiber; (b) Bent fiber with 
bending diameter of 4 mm 

 
Fig.2(a) and (b) show the comparison of the transverse 

mode field distributions between straight fiber and simu-
lated bent optical fiber. From the comparison results, it 
can be found that some energy of the core in the bent 
TMF leaks into the cladding of the optical fiber, resulting 
in mode leakage and transmission loss. As shown in 
Fig.2(a), when the TMF is not bent, the light energy 
travels along the fiber core in a straight line with little 
interference. As shown in Fig.2(b), when the lead-in light 
energy is transmitted in the bent fiber, the mode energy 
coupling will occur to some extent because the bending 
makes some of the light transmitted in the core leak into 
the cladding area as an evanescent wave. Then most of 
the light after bending is coupled back to the lead-out 
SMF. Based on the mode field analysis, simulated inter-
ference spectra are added, as shown in Fig.3. Fig.3(a)
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shows the simulated interference spectra of straight fi-
bers and different bending diameters when TMF is 3 cm. 
Fig.3(b) shows the simulated interference spectra of 
TMF with different lengths and bending diameter of 
4 mm. It can be seen that the number of dips and extinc-
tion ratio are related to the bending diameter and the 
length of TMF. 

When an optical fiber is bent, the RI distribution in the 
optical fiber changes as shown in Fig.4 because of the 
elastic-optic effect. 

 

 

 

Fig.3 Simulated interference spectra of (a) straight fiber 
and bent fiber with different bending diameters, and (b) 
bent fiber with different lengths of TMF 

 
Fig.4 RI distribution of the straight/bent TMF 

 
Compared with the straight fiber, the internal RI of 

bent TMF is reduced and the external RI is increased. By 
using the equivalent refractive index model[17], the RI dis-
tribution after the conformal mapping is as follows 

0
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where n(x) and n0 are the RI distributions as the TMF is 
bent and straight, respectively. x is perpendicular to the 

bent TMF axis. The equivalent bending radius Reff can be 
expressed as[17] 
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where R=D/2 is the bending radius of the TMF. P11 and 
P12 are components of the photoelastic tensor. υ is the 
Poisson ratio. 

The design principle of this sensor is similar to in-line 
MZI, and the core mode and the cladding mode are 
transmitted together in the fiber causing interference. 
Therefore, the total light intensity I can be equivalent to 
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where Icore is the intensity of the core mode in TMF, and 
clad
mI is the intensity of the m-order cladding mode. The 

phase difference core-clad can be expressed as 
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where λ and Leff are the wavelength of the incident light 
and the effective sensing length of the bending area, re-
spectively. The length of the long half-axis of the spin-
dle-shaped structure is about twice that of the short 
half-axis R by many practical measurements, so the ef-
fective simulated bending length Leff is defined as 
Leff≈πR+2R. Δneff is the difference between the effective 
RI of the core mode core

effn and the cladding modes clad
effn . 

When the phase difference is satisfied with 
core-clad (2 1)πk   and k=0, 1, 2, 3…, the transmission 

spectra in Eq.(4) reach the minimum. The interference 
dips occur. The resonant wavelength λdip can be pre-
sented as 
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From Eq.(5), it can be deduced that the drift of interfer-
ence dip can be expressed as 
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where Δnc is the variation of Δneff. Therefore, the ambi-
ent physical parameters can be detected by monitoring 
the variation of the resonance wavelength Δλdip. 

The relationship between the variation of brix of a 
glucose solution ΔCb and its the variation of the refrac-
tive index ΔRI is as follows[18]  

ΔRI=ηΔCb,                                (7) 
where η is a constant. The glucose brix sensing charac-
teristic formula can be written as 
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Because of the thermal-optical effect and thermal ex-
pansion effect of the optical fiber, changes in the ambient 
temperature around the sensor cause changes in the re-
fractive index of optical materials, which results in the 
wavelength shift of the transmission spectrum. The tem-
perature sensing characteristic formula can be expressed 
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as follows 
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where α is the thermal expansion coefficient. Because the 
sensor is baked at high temperature in the flame, the 
thermal expansion effect of the material caused by the 
change of the external temperature has little effect on the 
mode of transmission. When the temperature changes 
from 10 °C to 50 °C, Δnc is nearly zero. Therefore, the 
sensor is insensitive to temperature. 

As shown in Fig.5, the main experimental devices used 
include a broadband source (BBS) in the spectral range of 
1 528—1 603 nm, an optical spectrum analyzer (OSA), a 
thermometer, a solution beaker, an electric hot plate and a 
concentration meter in this experiment. Three samples are 
chosen for experimental comparison, namely Sensor-1 
with the TMF length of 3 cm and bending diameter of 
4 mm, Sensor-2 with the TMF length of 3 cm and bending 
diameter of 5 mm, Sensor-3 with the TMF length of 4 cm 
and bending diameter of 4 mm, respectively. 

 

Fig.5 Experimental setup of the glucose brix 
measurement 
 

Before experimental measurement, seven samples of 
glucose solutions with different brix are prepared using a 
concentration meter, ranging from 0 to 21 % of glucose 
brix. The different sample solutions configured are 
dripped into the glass container one by one and immersed 
in the sensor. After the sample solution is stabilized, the 
data in OSA are recorded, the measurements of each sam-
ple solution are repeated five times and the final result of 
each sample solution is the average of five measurements. 
After each sample solution is measured, the glassware and 
sensor are cleaned with clean water and dried to prevent 
residual glucose solutions from affecting the experimental 
measurements of the next set of solution samples. Fig.6 
shows the interference spectra of the three sensors and 
those without bending sensor in a solution with 0 glucose 
brix. It is obvious that the sensor will not excite high-order 
cladding modes without bending. 

Fig.7 shows glucose brix contrast experiments for 
Sensor-1, Sensor-2 and Sensor-3, respectively. The dips 
of the sensor are significantly shifted when the glucose 
brix increases from 0 to 21%. As shown in Fig.7(a), with 
the increasing of glucose brix, the dips of the Sensor-1 
are red-shifted, and the glucose brix sensitivity is 
0.368 nm/% with a linear fitting of 0.998. As shown in 
Fig.7(b), the solution glucose brix rises and the dip of 
Sensor-2 shifts to a long wave, and the glucose brix sen-
sitivity is 0.244 nm/% with a linear fitting of 0.997. As 
shown in Fig.7(c), the solution glucose brix rises and the 

dips of the Sensor-3 shift to a long wave, and the glucose 
brix sensitivity is 0.301 nm/% with a linear fitting of 
0.991. From the above comparative experimental results, 
when the TMF length is 3 cm and bending diameter is 
4 mm, the glucose brix sensitivity is better. In order to 
solve the problem of temperature interference, further 
temperature experiments are carried out, and the method 
of water bath heating is used. 

 

 

Fig.6 Transmission spectra of sensors in solution 
without glucose brix  

From the results of the water bath temperature experi-
ment in Fig.8, the sensors are insensitive to temperature in 
the temperature range of 10—50 °C, which effectively 
avoids the existence of temperature cross-sensitivity when 
measuring glucose brix, and the experimental results are 
consistent with the theoretical analysis. In addition, we 
need to further measure the stability of the Sensor-1 in the 
measurement of glucose brix as shown in Fig.9. 
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Fig.7 Interference spectra and linear fitting diagrams 
at glucose brix concentrations of 0—21%: (a) 
Sensor-1; (b) Sensor-2; (c) Sensor-3 
 

 

 

 
Fig.8 Interference spectra and linear fitting diagrams 
in the range of 10—50 °C: (a) Sensor-1; (b) Sensor-2; 
(c) Sensor-3 

 

Fig.9 Glucose brix measurement stability with the 
Sensor-1  

The proposed sensor is observed in 3% and 18% glu-
cose brix, respectively. The ambient temperature remains 
constant. We need to observe and record data every 
10 min. Fig.9 shows the results of the final stability 
measurements of Sensor-1, which indicates that the 
measured dip wavelength remains essentially unchanged 
for 120 min. When the glucose brix is 3%, the measure-
ment variances of the dip1 and dip2 are 0.000 966 1 and 
0.002 521, respectively. The maximum wavelength fluc-
tuations of dip1 and dip2 are 0.11 nm and 0.113 nm, re-
spectively. When the glucose brix is 18%, the measure-
ment variances of the dip1 and dip2 are 0.003 944 and 
0.002 068, respectively. The maximum wavelength fluc-
tuations of dip1 and dip2 are 0.16 nm and 0.15 nm, re-
spectively. The Sensor-1 has good measurement stability 
in the measurement of glucose brix. The fluctuations of 
interference dips are very little during 120 min. The 
fluctuations may be caused by random errors and reading 
errors. 

In this paper, we study a novel MZI of compact spin-
dle-shaped structure based on TMF for the measurement 
of glucose brix. When the length and bending diameter 
of TMF are 3 cm and 4 mm respectively, the experimen-
tal results show that the glucose brix sensitivity of the 
sensor is 0.368 nm/% in the range of 0—21% and the 
sensor is insensitive to temperature in the range of 
10—50 °C, which can effectively avoid the existence of 
temperature cross-sensitivity when measuring glucose 
brix. The sensor has simple fabrication, low cost, good 
repeatability and stability, and has potential application 
prospects in crops quality assessment and the research of 
pharmacy and bioengineering.  
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