
PHOTONIC SENSORS / Vol. 11, No. 4, 2021: 392‒401 

 

A Micro Structure POF Relative Humidity Sensor    
Modified With Agarose Based on Surface Plasmon  

Resonance and Evanescent Wave Loss 

Yanjun HU, Abdul GHAFFAR, Yulong HOU, Wenyi LIU*, Fei LI, and Jun WANG 

Science and Technology on Electronic Test & Measurement Laboratory, North University of China, Taiyuan 030051, 

China 
*Corresponding author: Wenyi LIU      E-mail: liuwenyi@nuc.edu.cn 

 

Abstract: A novel high sensitivity relative humidity (RH) sensor was proposed by using micro 
structure plastic optical fiber (POF) based on the surface plasmon resonance (SPR) effect and the 
evanescent wave (EW) loss. The micro structure was fabricated on the POF and coated with a gold 
layer and agarose, adopting the sputtering and dip-coating technique. These construction effects on 
the attenuation of power caused by the SPR effect and the EW loss were used to perform RH 
detections. The agarose’s different refractive indexes (RIs) caused fluctuations in the transmission 
power when the humidity increased. The demonstrated experimental results showed that the 
proposed sensor achieved a linear response from 20% RH to 80% RH with a high sensitivity of  
0.595 µW/%. The proposed sensor had the advantages of fast response and recovery. Furthermore, 
the temperature dependence and the repeatability test of the sensor were also performed. 
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1. Introduction 

Relative humidity (RH) attracts lots of attention, 

from agriculture, medicine, and other fields [1–3]. 

Fiber optic RH sensors have been researched widely 

due to the advantages of miniaturization and 

electromagnetic immunity. 

According to the sensor’s working principle, 

fiber optic RH sensors are categorized into gratings, 

interferometers, modal interferometers, loss mode 

resonances (LMRs), and optical absorption [4]. 

Gratings have unique spectral characteristics, 

combined with different hydrophilic materials, 

which increase the system’s stability and sensitivity 

[5–9]. However, these sensors are cross-sensitive to 

temperature and strain, limiting the measurement 

accuracy. Model interference RH sensors such as 

photonic crystal fiber (PCF) [10], multi-segment 

splicing [11], and tapered fiber [12] have attracted 

attention owing to special structures. However, this 

type of fiber has the disadvantages of high price and 

low robustness, which increases the difficulty of 

sensor fabrication and system construction. The 

LMR occurs to the fiber and the coating, and the 

dielectric constant of the coating is required to be 

positive [4]. Many materials such as SnO2 [13, 14], 
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TiO2 [15], polycyclic aromatic hydrocarbon (PAH) 

[16], poly acrylic acid (PAA) [2], and some others 

can be applied. The sensors of LMR have good 

linearity, but the resonance width is large and the 

sensitivity is not high. Optical absorption mainly 

utilizes the absorption of light intensity by the 

sensitive material. This type of sensor has a simple 

structure, but the output waveform is vulnerable to 

interference from ambient light, and the RH linearity 

range is small [17, 18]. 

Detection of surface plasmon resonance (SPR) is 

another principle for fiber optic humidity sensors 

which happens in a metallic layer (such as gold and 

silver) and a dielectric layer (analytes). For the fiber 

optic SPR sensors, wavelength interrogation is 

widely used because it can locate the position of the 

resonance wavelength. However, the testing 

equipment is expensive, and the accuracy of the 

results is affected by the full width at half maximum 

(FWHM) [19–23]. For the single-mode fiber (SMF), 

the FWHM makes the resonance wavelength easy to 

be recognized, but there is no change in the angle of 

incidence inside, so special treatment is needed to 

change the reflection angle [24–26]. It increases the 

difficulty of processing. Multimode fiber such as 

plastic optical fiber (POF) can solve the incident 

angle problem. However, the FWHM of the POF is 

too large, causing a read deviation of the resonant 

wavelength. Therefore, it is important to choose the 

correct and appropriate interrogation method. 

Intensity interrogation is independent of FWHM and 

focuses on changes in intensity. Furthermore, the 

experimental setup is simple and the output 

waveform is more intuitive. 

In this work, the micro structure fiber was made 

by grinding paper, a 50 nm gold layer was sputtered 

on the surface of the micro structure fiber, and   

0.5 wt% agarose was finally applied as a sensitive 

material. The SPR effect was excited at the interface 

of the gold and agarose layer, which was particularly 

sensitive to changes in the environment. Compared 

with the optical absorption sensors, the combined 

effect of the SPR effect and evanescent wave (EW) 

loss significantly increased the sensor’s sensitivity, 

and the proposed sensor could increase the 

transmission power and reduce the external light 

interference. Moreover, the micro structure of the 

proposed sensor was simpler than those of the 

gratings and interferometers sensors. The response 

to the sensor at different RHs was tested by using 

intensity interrogation. The experimental results 

showed that the sensitivity was up to         

0.595 µW/%RH at 20 % RH – 80 % RH, and the 

sensitivity was 0.305 µW/%RH at 80% RH –    

90% RH. The above experiments proved that the 

proposed sensor had the high sensitivity and good 

linearity. 

2. Working principle 

The light propagates in the optical fiber due to 

total internal reflection when the angle of the 

incident light is larger than the critical angle. The 

propagation mode characterizes the propagation of 

light rays inside the fiber. The number of 

propagation modes is characterized by V-number 

(normalized frequency) which is expressed as (1) 

[27, 28]. The penetration depth (d) can be expressed 

as (2) [29]. 

co cl

2 r
V n n= −π

λ
            (1) 

2 2 2
co cl2 sin c

d
n n

=
−

λ
π θ

          (2) 

where r  is the core-radius of fiber, λ  represents 

the wavelength of the light source, con  and cln  are 

the refractive indexes (RIs) of the core and cladding, 

respectively, and cθ  is the incidence angle of the 

light at the core-cladding interface. 

The higher-order guided modes in the micro 

structure area are filtered out. Consequently, in the 

tapered region, the evanescent field intensity 

increases. The effect of the penetration depth ( d ′ ) 

and V-number are expressed as (3) [27] and      

(4) [29]. 



                                                                                             Photonic Sensors 

 

394

co en

2 ( )t
t

r z
V n n= −π

λ
        (3) 

2 2 2
co int en2 sin

d
n n

′ =
−

λ
π θ

       (4) 

where z  represents the radius of the micro 

structure fiber, ( )tr z  represents a function of z, 

intθ  is the incident angle at the core-external 

environment interface, and enn  is the external 

environmental RI for instance air or humidity 

condition. When RI of the environment changes 

from air to moisture, the values of the V-number ( tV ) 

and penetration depth ( d ′ ) will be changed, causing 

the change in the output power. 

Figure 1 shows the schematic diagram of the 

proposed sensor structure. When the gold layer is 

attached to the surface of the micro structure POF, it 

will stimulate the surface plasma wave (SPW) on 

the surface of the gold film. When the propagation 

constant of the incident light is equal to that of the 

SPW, the strong absorption of the light occurs, 

causing the loss of the transmission power. The 

resonance condition is expressed in (5) [30, 31]. 
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2
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2
s

ε × n 2π
K n θ= K K =

ε + n λ

 
 
 

    (5) 

where mrε  represents the real part of the metal 

dielectric constant, θ  is the incident angle at the 

core-gold layer interface, and sn  represents the 

refractive index of the sensing layer [29]. The SPR 

effect is heavily sensitive to environmental changes 

and is suitable for the measurement of different 

parameters. According to the characteristics of the 

multimode fiber, the countless modes exist inside 

the core, with different propagation angles. 

Therefore, when the propagation angle is the same 

as the incident angle θ  in (5), the SPR effect can 

be excited. 

The evanescent wave loss is the sensitive 

principle of the sensor when the micro structure 

fiber has no gold layer. After the gold layer is 

attached to the surface of the fiber, the evanescent 

field is absorbed by the SPR effect, and the 

transmission power is lost. When the SPR effect 

occurs at the resonance wavelength, the loss reaches 

its maximum. For the proposed sensor, the 

transmission power was affected by the SPR effect 

under the attenuated total reflection (ATR) effect 

and the evanescent wave (EW) loss, and the 

intensity change of the proposed sensor was greater 

than that under the influence of EW loss. 
Agarose layer 

Gold layer 

Evanescent field 

SPWCore

POF

εmr 

θ

 
Fig. 1 Schematic diagram of the proposed sensor. 

A wavelength interrogation system was set up to 

realize the humidity sensor’s sensitivity mechanism, 
including the SPR effect. The experimental setup 
consisted of an optical spectral analyzer (OSA) with 

a wavelength of 300 nm – 2600 nm (AQ6374, 
YOKOGAWA Test & Measurement, Tokyo, Japan) 
and a halogen light source with a wavelength of  

350 nm – 1750 nm (SLS201, Thorlabs, Newton, NJ, 
USA). Figure 2 shows the transmission spectra at 
different humidity levels. As shown in Fig. 2, the 

SPR effect occurs from 650 nm to 690 nm, and the 
wavelength of 660 nm is included in it. Therefore, it 
can be proved that the wavelength of 660 nm is 

related to the SPR effect’s excitation. Besides, it can 
also be concluded from Fig. 2 that the wavelength of 
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Fig. 2 Transmission spectrums of the proposed sensor. 



Yanjun HU et al.: A Micro Structure POF Relative Humidity Sensor Modified With Agarose Based on Surface Plasmon  
Resonance and Evanescent Wave Loss 

 

395

the proposed sensor does not change significantly 
but requires data smoothing, which will increase the 
system processing time and affect the real-time 
performance of the sensor. Therefore, the intensity 

modulation is selected. 

3. Experiment 

3.1 Sensor fabrication 

A POF (Mitsubishi, Tokyo, Japan, SK40) was 

taken with a length of 30 cm. The complete 

processing method and parameters of the POF are 

illustrated in Fig. 3(a). A polishing tool was made by 

using a 3-dimensional (3D) printer (A8, JG 

AURORA, Shenzhen, China). The parameters of the 

micro structure fiber are shown in Fig. 3(b). After 

the tool was made, the POF was fixed in the 

structure’s groove, and the sandpaper of 2 000 mesh 

was fixed on the desktop. The processing was 

completed when the depth of the polished fiber was 

the same as that of the groove. The distance of the 

groove was 2 cm, and the depth of the groove was 

400 µm. After the micro structure fiber was washed 

with deionized water and dried, it was placed in a 

magnetron sputtering apparatus (NJ08057, Denton, 

USA), a gold target was selected, and the relevant 

processing parameters were set according to the 

thickness of the sputtering. The thickness of the 

sputtering was 50 nm. The parameters of the 

magnetron sputtering process are shown in Table 1. 

Batumalay et al. [32] studied the effect of 

agarose concentration on humidity sensitivity and 

proved that the highest sensitivity was at 0.5 wt% 

concentration, so this concentration was used in this 

work. The 0.5 wt% agarose gel was configured 

through agarose powder (Sigma Aldrich, St. Louis, 

A6013, USA) and distilled water. The agarose 

powder and distilled water were heated up at 65  ℃

with a magnetic stirrer (MS-H280-Pro, Dragon lab, 

Beijing, China). Then, the dip-coating technique was 

used, the fiber was immersed in the hot agarose 

20 

1

POF

Agarose layer
Gold layer 

(a)

0.4 

(b)
Unit: mm

Core 
Cladding 

Fiber in

 
Fig. 3 Parameters of (a) the micro structure fiber and (b) the 

polishing tool. 

Table 1 Parameters of the magnetron sputtering process. 

Power (W)
Time 

(s) 

Vacuum 

degree (torr) 

Argon gas flow 

velocity (sccm) 

Rotate 

speed (%) 

500 20 5e−6 14 30 

solution, the fiber was taken out after 1 s, and the 

fiber was immersed in the solution again after 1 s. 

This test was repeated five times. The prepared 

probes were placed to dry at the room temperature 

for 24 h, and the humidity experiment was carried 

out. 

3.2 Experimental setup 

The LED light was selected as a light source 

with a wavelength of 660 nm. When the input 

wavelength was in a band where the SPR effect and 

evanescent wave loss coexisted, the change in the 

sensor’s output intensity was better than those at 

other wavelengths. Moreover, the POF was in the 

visible light range, and the optical fiber output loss 

was small. The cost of the intensity interrogation 

system was small. The light emitting diode (LED) 

light sources used were stable and did not require 

optical isolation to replace laser sources that were 

susceptible to echo interference. 
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Figure 4 shows the experimental structure of the 

proposed humidity measurement sensor, and the 

image of the sensing fiber probe is shown in     

Fig. 4(b). The experimental setup consisted of a light 

source (M660F1) with 660 nm wavelength, an 

optical power meter (PM100USB, Thorlabs), and a 

humidity chamber. A thermos-hygrometer (AH8008, 

China) and a designed probe were placed inside the 

humidity chamber. Thermos-hygrometer was used 

for the reference. The initial temperature of the 

humidity chamber was set to about 25 ℃. The 

humidity varied from 20% to 90%, and the response 

of the proposed sensor was investigated. The 

external light was easy for coupling in the POF due 

to the large diameter of the fiber. The fiber was 

covered with a black jacket to shield the external 

light to avoid the interference of the visible light 

[33]. The host computer with software (Thorlabs 

optical power meter, Thorlabs, Newton, NJ, USA) 

recorded the changes in the transmission waveform 

changes and values. 

PC 

(a) (b) 

Light source 

Power meter 

Humidity chamber 

Black jacket 

Probe 
Thermos-hygromete

 
Fig. 4 Illustration of the experiment: (a) experimental setup 

of the proposed sensor and (b) the picture of the POF probe. 

4. Results and discussion 

4.1 Using agarose & without agarose 

The experimental equipment was connected, as 

shown in Fig. 4(a). The humidity chamber 

temperature was set to 25 ℃, and the change in the 

output light intensity corresponded to the change in 

humidity. The effect of agarose on the RH response 

to the proposed sensor was also investigated in the 

experiment. Figure 5 shows the achieved results. In 

Fig. 5(a), the slope of the response curve with 

agarose is significantly higher than the slope of the 

response curve without agarose. It indicated that the 

sensor with the agarose sensor was more sensitive to 

humidity than that without agarose. This loss 

occurring in transmitted power was due to the effect 

of the SPR effect and evanescent wave (EW) loss, 

and its intensity change was more significant than 

that under the influence of EW loss. Therefore, 

combining the SPR effect and EW loss could 

effectively increase the sensitivity of the sensor. 
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Fig. 5 Humidity detection results of the proposed sensor:  

(a) proposed sensor’s transmission power response using 
agarose and without agarose and (b) linear fitting curve of the 
sensor coated agarose. 

A further test was performed to determine the 

relationship between the humidity and output power, 

and the results are shown in Fig. 5(b). It could be 

proved that the linearity range of the sensor was 

20% – 80% and 80% RH – 90% RH in Fig. 5(b), the 

sensor sensitivity with agarose was 0.595 µW/% RH 
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when RH raised from 20% to 80%, and the 

sensitivity was 0.305 µW/% RH when RH changed 

from 80% to 90%. The determination coefficients 

(R2) of the two curves were 0.999 and 0.994. 

Table 2 summarizes the sensitivity and detection 

range of the designed sensor compared with the 

other RH measurement sensors based on intensity 

interrogation. As shown in Table 2, the proposed 

sensor presents good linearity and wide dynamic 

humidity operating range with the humidity 

variation because the agarose is a high 

humidity-sensitivity material in a wide range of 

relative humidity. 
Table 2 Comparison of the sensitivity and detection range for 

RH sensors. 

Reference Fiber structure 
Sensing 

material 
Sensitivity 

Detection 

range (%)

[18] 
Side-polished 

fiber 

Reduced 

grapheme 

oxide 

0.31 dB/%RH 75–95 

[34] Micro fiber WS2 0.196 dB/%RH 37–90 

[35] 
Mach-Zehnder 

interferometer 

Grapheme 

oxide/PVA 
0.193 dB/%RH 25–80 

[36] Core-offset fiber 
Grapheme 

oxide 
0.104 dB/%RH 30–60 

[37] 
Micro-bending 

tapered POF 

Rhodamine 

6G 

1.6 mV/%RH& 

3.4 mV/%RH 

10–45 & 

45–90 

[38] Tapered POF Agarose 0.022 8 mV/%RH 50–85 

This 

paper 

Micro structure 

POF 

Au and 

agarose 

0.595 μW/%RH 

(20%–80%) 

0.305 μW/%RH 

(80%–90%) 

20–80 & 

80–90 

4.2 Repeatability, stability, reversibility, and 
consistency 

To measure the repeatability of the designed 

humidity measurement sensor, RH was increased 

and decreased from 20% to 90% five times. Figure 

6(a) shows the results of this experiment. As can be 

seen from Fig. 6(a), the output waveform of the 

proposed sensor was virtually the same, indicating 

that the proposed sensor had the good repeatability. 

In order to test the stability of the sensor, the output 

power changed at 20% and 90%, and humidities 

were tested, as shown in Fig. 6(b). It was observed 

that the output power had hardly changed over a 

while, indicating that the sensor had a good stability. 

The transmission waveform shown in Fig. 6(b) had 

fewer fluctuations. It was caused by the instability of 

the instrument output and was an inevitable factor, 

but the output curve of the repetitive test was 

consistent. 

The reversibility is a necessary factor to evaluate 

a sensor. As given in Fig. 6(c), the transmission 

power of the proposed sensor was recorded when 

the humidity was cycled between 20% and 90%. 

The maximum difference was 0.2 µW which was 

smaller compared with the transmission power. The 

final results proved that the designed sensor had a 

good reversibility. To verify the consistency of the 

humidity sensor, three samples (Samples 1, 2, and 3) 

were processed for the humidity test. The 

experimental results are shown in Fig. 6(d). As can 

be seen from Fig. 6(d), when the humidity was  

20% – 90%, the three samples’ output curve trends 

were the same, indicating that the humidity sensor 

had a good consistency. 

4.3 Temperature dependence 

RI of the POF changes with temperature due to 

the thermal coefficient of the fiber. Changes in the 

refractive index of the sensitive material agarose at 

different temperatures also cause the differences in 

the transmission power. As a result, the temperature 

dependence was investigated. The temperatures of 

the humidity chamber were set at 25℃, 35℃, and 

45℃, respectively. The experimental results are 

shown in Fig. 7. As the temperature increased, the 

transmission power gradually decreased. It indicated 

that the proposed sensor was independent of 

temperature, while there was almost no change in 

the slope of the output curve. The change of 

temperature did not affect the linearity and the 

sensitivity of the proposed sensor. Temperature 

compensation could be performed by introducing a 

thermometer when the ambient temperature 

changed. 

Due to fiber material’s influence, the POF sensor 

varied greatly at different temperatures, which was a 
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limitation of the sensor. Temperature compensation 

will be a future research direction. At present, the 

proposed sensor was only suitable for the 

environment at a constant temperature. 

 

Time (s) 
(a) 

Po
w

er
 (μ

W
) 

545 

540 

535 

530 

525 

0 500 4 500

RH=20% 

4 0002 500 2 0001 500 1 000 

520 

515 

510 

550 

RH=90% B 

A 

3 500 3 000 
505 

     

 

Time (s) 
(b) 

P
ow

er
 (μ

W
) 

545

540

535

530

525

0 5 45 40 25 201510

520

515

510

550

35 30 

A

B

5550 60

RH=20%
RH=90%

 

 

RH (%) 
(c) 

P
ow

er
 (μ

W
) 

545 

540 

535 

530 

525 

520 

515 

510 

Ascending order

505 
20 30 908070 60 5040 25 35 45 55 65 75 85

Descensing order

550 

     

 

RH (%) 
(d) 

P
ow

er
 (μ

W
) 

545

540

535

530

525

520

515

510

Sample 3

505

20 30 908070 60 50 4025 35 45 55 65 75 85

550

500

Sample 2
Sample 1

 
Fig. 6 Proposed sensor tests of (a) the repeatability, (b) the stability, (c) the reversibility, and (d) the consistency. 
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Fig. 7 Measured the transmission powers of the proposed 
sensor at 25 ℃, 35 ℃, and 45 ℃, respectively. 

4.4 Response and recovery time 

The proposed sensor was placed at room 

temperature and exhaled for 1 s to obtain the 

dynamical response times. The detection setup is 

shown in Fig. 8(a). The temperature was 25 ℃ and 

the ambient humidity during the experiment was 

40% RH. The sensor response to the human breath 

was measured. The result is shown in Fig. 8(b). The 

time interval of software data collection was 0.1 s, so 

the time of 8 collection points was 0.8 s (800 ms), 

and the 40 collection points represented 4 s. So the 

output power immediately responded in 800 ms, 

while the value of the output power returned to the 
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initial level after 4 s. The results proved that the 

sensor could respond quickly to human breathing, 

indicating that the sensor is suitable for biological or 

industrial environments with strict humidity 

response requirements. 
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Fig. 8 Results of response and recovery time: (a) schematic 

diagram of the detection setup and (b) dynamical response of 
the proposed sensor to the breath. 

5. Conclusions 

A cost-effective and high-sensitivity RH sensor 

based on the SPR effect has been proposed. The 

proposed sensor was constructed by functionalizing 

a gold-coated micro structure POF with agarose 

which was inexpensive and simple. The RH testing 

was performed by intensity interrogation. The 

response repeatability and reversibility of the sensor 

to RH were studied in this work. The experimental 

results showed that when the RH changed from 20% 

to 80%, the sensor had a good output linearity with a 

sensitivity of 0.595 µW/%. The proposed sensor had 

a wide linear range with the high sensitivity which 

was suitable for environmental humidity detection. 
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