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Abstract: Photonic Crystal Fiber Interferometers (PCFIs) are widely used for sensing applications. This 

work presents the fabrication and the characterization of a relative humidity sensor based on a polymer-

coated photonic crystal fiber that operates in a Mach- Zehnder Interferometer (MZI) transmission mode. 

The fabrication of the sensor involved splicing a short (1 cm) length of Photonic Crystal Fiber (PCF) 

between two single-mode fibers (SMF). It was then coated with a layer of agarose solution. Experimental 

results showed that a high humidity sensitivity of 29.37 pm/%RH was achieved within a measurement 

range of 27–95%RH. The sensor also showed good repeatability, small size, measurement accuracy and 

wide humidity range. The RH sensitivity of the sensor has a significant dependence on the thickness of 

the coating and the sensor with the highest sensitivity showed a linear response for RH change in the 

range of 27-95% RH and a fast response time of 0.8 sec for an RH change from 50% to 90%. 
 
Keywords: Agarose, Humidity measurement, Mach-zender interferometer, Transition mode, Photonic 

crystal fiber. 

 

 

Introduction 
 

 

Humidity is a physical quantity that has 

significant importance in a number of areas 

ranging from life sciences [1,2] to building 

automation [3]. Hence humidity control, sensing 

and monitoring are important in a number of 

areas. Fast humidity sensors are required for the 

diagnosis of pulmonary diseases [4] and for 

mapping the human respiratory system [5] by 

monitoring the water vapor content of exhaled 

breath. For meteorological applications, 

humidity measurements play an ever-increasing 

role in various industries such as semiconductor, 

bio-medical, agricultural, food processing, 

automotive and meteorological industries. These 

measurements are important to allow 

improvements in the quality of products and 

reduction of costs. For over a decade, fiber optic 

humidity sensors have gained a lot of research 

interest due to their unique advantages over 

conventional electronic ones. For example, they 

are miniature in size and immune to 

electromagnetic interference. A variety of fiber 

humidity sensors have been demonstrated based 

on different fiber types and configurations, 

including tapered fibers [6], bent fibers [7], 

polarization maintaining fibers [8, 9], fiber 

gratings [10–11] and no-core fibers [12]. Most 

fiber optic humidity sensors work on the basis 

of a hygroscopic polymer material coated over 

the optical fiber to modulate the light 

propagating through the fiber [13–14]. Recently 

photonic crystal fiber (PCF) interferometers 

based on microhole collapse have taken an 

increased importance in sensing applications 

[15–16] due to their fabrication simplicity which 

involves only cleaving and splicing operations. 

The different configurations reported so far are 

the PCF with two collapsed regions separated by 

a few centimeters [17], a stub of PCF with the 

cleaved end fusion spliced to the distal end of a 

standard single mode fiber [18–19] and a short 

section of PCF longitudinally sandwiched 

between single mode fibers [17–20]. The 

advantage of the last two configurations is that 

the modal properties of the PCF are exploited 

but conventional optical fibers are used to 
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connect the interrogation system, thus leading to 

more cost-effective interferometers. In photonic 

crystal fiber interferometer(PCFI) configuration 

in which the two ends of a PCF are fusion 

spliced to lead-in and lead-out, single mode 

fibers have already been demonstrated for strain 

[17,20] and refractive index(RI) [21] sensing. A 

humidity sensor based on this type of PCFI 

configuration using an Agarose coating has been 

recently demonstrated for the first time [22]. 

The RH sensitivity of the sensor was 8 pm/%RH 

in the range 30-80%RH. The aim of this work is 

to improve the sensitivity of this type of RH 

sensor by coating with Agarose solution.  

 

Fabrication and Experimentation 
 

The PCF (LMA-10, NKT Photonics) designed 

for an endless single–mode operation was used. 

It had six layers of air holes arranged in a 

hexagonal pattern around a solid silica core. The 

fiber had core diameter of 10.2μm, voids with 

diameter 2.5 μm, pitch of 8.07 μm and the outer 

diameter of 125 μm. These dimensions of the 

PCF alignment and splicing with SMF with 

splicing machine and due to mode-field 

diameter (MFD) mismatch compared to other 

PCFs. The loss was minimized during the 

splicing process and due to surface tension. The 

voids of the PCF collapsed within a microscopic 

region (~247μm ) near the splice point which 

can be controlled by the arc time, arc power and 

duration[26], as shown in Figure 1. 

 

 

 

 

 

 

 
 

 

 

 

Fig .1 Microscope image of the PCF collapsing 

interferometer  

 

Humidity sensor based on transmission  type of 

the PCFI was proposed. First, the coating of a 

stub of PCF  (LM A-10 ) and  conventional 

optical fiber (Corning, SMF-28) was removed 

by using a mechanical stripping. Then, the 

second step was cleaving the PCF and SMF, 

which was done by fiber cleaver. The third step 

was cleaning the fibers. Then, the stub of a )10 

mm)  long of commercial PCF was fusion 

spliced between two SMFs (Corning SMF-28) 

by a conventional splicing machine. After fusion 

splicing, the forth step was coating with agarose 

which was carried out by drawing the 

interferometer through a hot (65 OC) agarose 

solution. The solution was prepared by 

dissolving 1 wt% agarose in distilled water. In 

order to undertake the coating process, the fiber 

was fixed straight and horizontally above a 

translation stage (TS). Below the fiber, a heater 

was fixed on a translation stage. A small 

container was placed at the top of the heater and 

was filled to the top with hot agarose solution as 

shown in Figure 2a and schematic a diagram of 

the experimental setup for agarose coating is 

shown in Figure 2b. The surface of the solution 

formed a dome-like shape which projects 

slightly above the rim of the container because 

of surface tension. The position of this container 

can be adjusted to allow the fiber to pass 

through this dome of agarose solution. The 

temperature of the heater was set at 65 OC by 

temperature electrical controller system (TEC 

sys.). The fiber was drawn through the hot 

Agarose solution using a translation stage which 

was software controlled using a computer. This 

arrangement allowed good repeatability of the 

coating parameters. 

 

 

 

 

 

 

 

Fig. 2.a The photographic picture for setup of 

Agarose coating 

 

 
 

 

 

 

Fig. 2.b Schematic diagram of the experimental 

setup for Agarose coating 
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The light source (1550 nm) was launched into 

the interferometer through the SMF-PCF-SMF 

to the power meter or the Optical Spectrum 

Analyzer (OSA). The fabricated sensor 

responded to humidity variations was studied at 

room temperature and normal atmospheric 

pressure by putting it in an environmental 

chamber, which is a cuboid-shape sealed 

chamber, fabricated from Polyvinyl chloride  

(PVC) plastic. It consisted of dry/wet air flow 

system that can vary the internal humidity in the 

chamber (27%RH - 95% RH). There were three 

fans: the first fan pumped a dry air form a 

container containing a silica gel, the second fan 

pumped  a wet air from container containing 

distilled water and heater (70 watt), and the last 

fan was on the surface of chamber to expel the 

air. A calibrated electronic humidity  (XT9007-8 

temperature & humidity control instrument) was 

used for monitoring the humidity and 

temperature inside the chamber as shown in 

Figures 3a and 3b. 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 3.a The photographic picture for the PCFI 

humidity sensor set up ( transmission type) 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 3.b. Schematic of the humidity sensor system 

Results and Discussion 
 

It was found that an uncoated PCFI that 

observed PCF with length (1cm) showed a 

higher sensitivity (0.239 pm/RH% ). The 

sensitivity was calculated from the linear fitting 

versus wavelength curve to RH (27%-85%). It 

was demonstrated that there was no wavelength 

shift based in Figures 4 and 5, in addition no 

decrease in transmitted power when increasing 

the RH <90 % as shown in Figure 6.  This was 

because water has a hydrogen-bonded network 

(ice-like), which grows up as the relative 

humidity increases from 0% to 30 %. The liquid 

water structure starts appearing in the RH range 

of 30-60 %, while the structure of ice-like 

continues growing to saturation [27]. 

 

 

 

 

 

 

 

 

 

 
Fig.4. The shift in Wavelength peak of PCFI without 

coating in humidity chamber 

 

 

 

 

 

 

 

 

 
Fig. 5. Change in the transmission spectrum of a 

PCFI without coating of length 10mm with respect to 

different ambient relative humidity values. 

 

 

 

 

 

 

 
 

 
 

Fig. 6. Change in the transmission power of a PCFI 

without coating of length 10mm with respect to 

different ambient relative humidity values. 
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The agarose was coated in order to improve the 

humidity sensitivity of PCFI. The desired 

coating thickness can be achieved using this 

setup by varying the drawing speed of the fiber 

through the solution or by changing the 

viscosity (wt% of the agarose) of the solution or 

passing the fiber multiple times through the 

solution. The latter technique was found to be 

the best in order to achieve a suitable thickness 

and thus in this experiment, the fiber was drawn 

through the solution with a constant speed of 5 

mm/sec . In practice after passing the fiber 

through the solution, the spectral red shift was 

observed in the transmission spectrum of the 

device compared with its initial spectrum as 

shown in Figures 7 and 8. 

 

 

 

 

 

 

Fig.7. Wavelength peak of PCFI before coating 

 

 

 

 

 

Fig.8. The shift in Wavelength peak of PCFI after coating 

is about 1.014 nm 

The RH responses of the agarose Coating-PCFI 

devices were studied by placing them inside a 

controlled environmental chamber. The ambient 

temperature during the study was 25°C at 

normal atmospheric pressure. In these devices, 

the interaction of the coating was solely with the 

cladding modes since the core mode was 

isolated from the external environment. The 

interaction of the cladding modes with the 

agarose coating changed the effective index of 

the cladding mode and consequently the phase 

difference between the cladding mode and the 

core mode. As a result, the interference pattern 

shifted; that was the position of the interference 

peaks and valleys changed. An increase in the 

effective RI of the cladding mode causes a 

spectral red shift and a decrease in the effective 

RI causes a blue shift. The thickness change of 

the agarose coating for a change of RH the RI 

change as the thickness of the agarose coating 

and also increases when RH increases. When 

the RH level increases, more water molecules 

are diffused into the agarose coating, resulting 

in the inflation of the agarose and increased in 

the thickness of the coating. Similar to any other 

swelling polymer, an increase in water content 

will decrease the bulk refractive index of the 

agarose coating [28 ,29].To study the influence 

of the agarose film thickness on the properties 

of the PCFI, the four PCFI devices (A, B, C, D) 

previously fabricated were coated with different 

thicknesses of agarose film by passing the fiber 

through the solution multiple times. The 

thickness of the coated device was estimated 

using an optical microscope at a room RH of 

40±2%. Table 1 shows parameters of the 

different AC-PCFI Devices

. 

 

 

Table 1. Parameters of the Different AC-PCFI Devices 

AC-PCFI A B C D 

Red peak shift ofthe 

coated PCFI relative 

tothe uncoated PCFI 

(nm) 

0.284 1.014 1.186 1.238 

No. of passes 1 2 3 4 

The thickness of coating 

(nm ) 

300 630 3530 5966 
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When the coating thickness increased, the 

effective RI of the coating experienced by the 

cladding mode of the PCFI increased .As a 

result of the increase in the effect of the bulk, RI 

changed, resulting in a net red shift of the 

interference spectrum for all RH values and this 

was the case with the devices A and B in this 

experiment. Figure 9(a) shows the peaks shift of 

the interference pattern of the AC-PCFI A and B 

with respect to RH. The AC-PCFI A showed a 

spectral red shift with an increase in RH and the 

observed shift was linear in the range from 27 to 

95% RH with a slope of 5.25914 pm/%RH. 

Above 90% RH, the sensitivity of the device is 

much higher most likely due to the water vapor 

condensation on the coating at these higher RH 

values. The AC-PCFI B showed a red shift with 

a slope of 7.937 pm/%RH in the range 27 to 

95% RH. It can be concluded that when the 

thickness of the coating increases, the humidity 

sensitivity of the AC-PCFI also increases. In 

this experiment, it was observed that when the 

coating thickness is greater than ~750 nm, 

which was the case with AC-PCFI devices C 

and D, the observed shift was blue for the 

interference spectrum of the AC-PCFI device 

when the RH increased. For verification, the 

evanescent wave penetration depth of device C 

at 40% RH using Eq. (1)of reference [30] was 

calculated by setting the value of the RI of the 

fiber material silica, n1 = 1.44, the RI of the 

agarose coating n2 = 1.2213908  and assuming 

the angle of incidence at the fiber–coating 

interface 𝜃= 90°. Using these values the 

calculated penetration depth was756.09756 nm, 

verifying the observation that the wavelength 

shift changed from a red to a blue shift when the 

coating thickness was in the region of 750 nm. 

𝐝𝐩 =
𝛌

𝟐𝛑𝐧𝟏 [𝐬𝐢𝐧
𝟐 𝛉 −

𝐧𝟐
𝟐

𝐧𝟏
𝟐]
𝟏
𝟐⁄
………(𝟏) 

The humidity responses of the AC-PCFI devices 

C and D are shown in Figure 9(b). The 

ACPCFIC showed no spectral shift when 

humidity increases from 27% RH to 40% RH 

and then it showed a blue shift on a further 

increase of RH from 40% to 95% as seen from 

Figure 9(a). This was because below 40% RH, 

the thickness changed factor dominated by 

comparison to the bulk RI change of the coating 

and above 40% RH the coating thickness was 

greater than the penetration depth of the 

evanescent wave portion of the cladding mode 

interacting with the coating so that the effective 

RI of the cladding mode was mainly determined 

by the bulk RI of the coating. For AC-PCFI D, 

the peak wavelength phase changed point (RH 

at which the red shift changes to blue shift) of 

the RH response curve shifted to lower RH of 

40% which was expected because here the 

coating was thicker than for AC-PCFI C that 

showed in Figure 9(b). For AC-PCFI D, the RI 

of the coating was in a more RI sensitive region 

of the PCFI and the RH sensitivity observed was 

also higher compared to other devices with a 

smaller thickness of agarose coating. The AC-

PCFI D showed a sensitivity of -29.37394  

pm/%RH in the range27-90%RH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 9. (a) The shift in wavelength peak when the 

AC- PCFI C exposed to variable relative humidity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 9. (b) The shift in wavelength peak when the 

AC- PCFI D exposed to variable relative humidity 
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Fig. 10. (a) The spectral peak shift of AC-PCFI A 

and B with respect to relative 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.10. (b)The spectral peak shift of AC-PCFI C and 

D with respect to relative humidity. 

 

 

The calculated RH sensitivities of the AC-PCFI 

devices in different linear RH regions are listed 

in Table 2, where the positive sensitivity values 

represent spectral red shift and negative values 

represent a blue shift.  

 

 

 

Table 2. RH Sensitivity of AC-PCFI Devices 
 

AC-PCFI A B C D 

Sensitivity 

(pm/%RH) 

5.25914 7.93756 -17.3527 -29.37394 

 

 

To calculate the rise time of the sensor, AC-

PCFI device D which shows a higher sensitivity 

to relative humidity variations was exposed to 

an environment with rapid changes of the RH. 

First, the RH in the chamber was kept at 50%, 

and then the humidity of the chamber was 

rapidly increased to 90 % (at room temperature 

and normal atmospheric pressure). The 

measured rise time of the sensor is shown in 

Figure 11. The sensor had a fast response to 

humidity variations and the estimated response 

time from 10 % to 90% of the signal maximum) 

was about 0.8 sec when the RH changed from 

50% to 90 % at wavelength =1550nm.The 

recovery time of a humidity sensor depended on 

how fast the water vapor was removed from the 

sensor which was proportional to the air flow 

surrounding the sensor. The estimated recovery 

time (90% signal maximum to 10% baseline) of 

the sensor was 7 sec, which decreased if a flow 

of dry air surrounded the sensor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11. Response time of the sensor. 
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Conclusion 

 

The AC-PCFI (transmission type) sensor has 

been demonstrated experimentally. An PCFI 

was coated with agarose layers of different 

thickness and showed the RI of the coating 

experienced by the mode interacting with the 

coating depended on the thickness of the 

coating. The effect of coating thickness on the 

RH response of the AC-PCFI devices was 

studied and that the RH sensitivity of an AC-

PCFI depended strongly on the thickness of the 

coating. The sensor showed the highest 

sensitivity (-29.37394pm/%RH) at agarose 

coating thickness 5.966μm with a linear 

response for RH change in the range of 27-

95%RH. The response time of the sensor was0.8 

sec for an RH changed from 50% to 90%. This 

work also provided the basis for the selection of 

an optimal operating point in terms of sensitivity 

and a range of operation in the case of a PCFI 

coated with other materials for different sensing 

applications. 
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الفوتوني البلوري تحسين أداء الحساسية لمتحسس الرطوبة المستند على مقياس تداخل الليف  

 ذو نمط النفاذية

 

 حنان جعفر طاهر                حسن فالح حسن 

 ، بغداد ، العراقبغداد جامعة العليا، تللدارسا الليزر معھد

 

مقياس التداخل للألياف البلورية الفوتونية تستعمل بشكل واسع في تطبيقات التحسس . وفي هذا العمل تم توصيف وتصنيع : الخلاصة

متحسس الرطوبة النسبية بالاعتماد على مقياس التداخل لماخ زيندر عند طلائه ببوليمر والذي يعمل في نمط النفاذية . تم تصنيع هذا 

سم ( بين ليفين ذات نمط  1(  ذو طول )LMA-10ليف مقياس التداخل لليف الفوتوني البلوري ) المتحسس ببساطة بواسطة لحام 

( .بعدها يتم  طلاء الليف الفوتوني البوري بطبقة من محلول الاكاروس  . من خلال النتائج التجريبية أبدى  SMF-28مفرد ) 

( بيكو متر / -75.92حصل على اعلى  مقدار للحساسية ) ( وقد %59 -%72المتحسس حساسية عالية لمقدار التغير بالرطوبة )

النسبة المئوية للرطوبة النسبية. وقد اثبت ان متحسس الرطوبة المصمم يعتمد على سمك طبقة الطلاء و له عدة مزايا حجمه صغير , 

(  8.0, زمن الاستجابة سريع ) مستقر ، ذو قياسات دقيقية ، متحسس لمدى واسع من الرطوبة ،استجابة خطية لمقدار تغير الرطوبة 

 (. %58 -%98ثانية للتغير من )

 

 


