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Abstract— The use of chirped long period gratings (CLPGs) 

for monitoring the flow, the direction of the flow and the 

subsequent cure of an epoxy resin is presented. The asymmetric 

properties of the CLPG and its sensitivity to refractive index 

changes were exploited to facilitate the measurement of the 

direction of the flow. The performances of a continuously chirped 

LPG (CCLPG) and a step chirped LPG (SCLPG) were 

compared, with the CCLPG showing improved spatial resolution. 

The CCLPG and SCLPG were also used to monitor changes in 

the refractive index of the resin during cure, with the results 

showing close agreement with measurements undertaken 

simultaneously using a fibre optic Fresnel refractometer.  

 
Index Terms— Fibre optics, optical fibre sensor, long period 

grating, chirped grating, directional flow, resin cure, Fresnel 

sensor 

 

I. INTRODUCTION 

HE increasing use of composite materials in the 

aerospace, automotive and marine industries can be 

attributed to their high strength-to-weight ratio, long lifetime 

and high corrosion resistance [1].There is a requirement for 

sensors to monitor all stages of manufacture of composite 

materials, in particular the infusion of the resin into the 

preform and its subsequent cure. The monitoring of infusion 

and the degree of cure of the resin are currently carried out 

empirically [2], as pre-production measurement tools such as 

differential scanning calorimetry [3] are not suitable for online 

process monitoring, while  dielectric sensors [4] are not suited 

to being embedded into carbon fibre reinforced composites. 

The low permeability of a fibre reinforced preform provides 

resistance to resin flow, which can lead to inconsistencies 

when the resin is not uniformly spread throughout the material 
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[5]. When this occurs, the structural integrity of the 

manufactured component is affected as resin starved and resin 

rich zones become defect sites [6]. In many cases, it is not 

possible to observe visually the flow of the resin as the 

materials may be non-transparent or have a complex shape, so 

alternative methods have to be used to monitor the process. 

 Fibre optic sensors can be embedded readily into composite 

materials [1, 5], with their impact on the integrity of the 

structure being dependent on the orientation of the optical 

fibre with respect to the reinforcing fibres of the composite 

material [7]. The use of optical fibre sensing technologies to 

monitor composite material processes of infusion and cure has 

been reported widely, exploiting devices such as Fresnel 

refractometers [8, 9], etched [5] and tapered [10] fibres, long 

period gratings (LPGs) [11], fibre Bragg gratings (FBGs) [12] 

and tilted fibre Bragg gratings (TFBGs) [11] embedded within 

the material. Table 1 provides a summary of the capabilities of 

some common optical and non-optical sensing technologies 

for composite material processing. 

Sensors that are sensitive to the surrounding refractive 

index (RI) can be used for two purposes – to detect the 

presence or absence of resin and to monitor the change in RI 

of the resin during cure, which is correlated with the degree of 

cure [11, 13].  Other approaches have relied upon the 

measurement of the development of strain within the 

composite material, which has been shown to be correlated 

with the degree of cure, using FBGs fabricated in single mode 

[12] and in highly birefringent fibres [13]. 

Etched fibre sensors, where the cladding of the fibre has 

been partially or completely removed, or tapered optical 

fibres, where the diameter of the fibre is reduced by heating 

and stretching to allow the evanescent wave of the propagating 

mode to interact with the surrounding medium, have been 

used to allow the detection of the presence of resin at the 

sensor location [1, 5, 14-16]. 

Fresnel refractometers, which rely on the RI dependence of 

the reflection of light from the cleaved end of an optical fibre, 

can provide an indication of the presence of resin and are able 

to monitor the cure of resins even when the RI of the resin 

exceeds that of the fibre [9]. 

LPGs and TFBGs are mode coupling devices, where the 

grating promotes the coupling of light from the core mode to 

cladding modes. The interaction of the evanescent field of the 

cladding modes causes the coupling conditions, and thus the  
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transmission spectrum of the device, to be sensitive to changes 

in the RI of the surrounding material. Both devices can 

indicate the arrival of the resin at the sensor location, and can 

be used to subsequently monitor the cure of the resin [11, 14]. 

To monitor resin flow, in general there is a requirement to 

include a number of discrete sensors and map the arrival time 

of the resin at each sensor. The use of an LPG as a liquid level 

sensor has been reported, enabling the proportion of the device 

covered by a liquid to be determined [17], which can be used 

to monitor the flow of resin along the device. However, the 

configuration reported did not provide information on the 

direction of the flow over the sensor. 

The determination of the direction of flow of the resin is 

particularly important in complex shaped preforms [18], as it 

enables the appropriate resin inlet gates to be regulated in 

order to control the amount of resin pumped into the preform. 

TABLE I 

Capabilities of some optical and non-optical sensing technologies for composite process monitoring 

 

Type of sensor Resin flow and/cure sensing Comment 

Standard long period grating (LPG) [24]; standard 

tilted fibre Bragg grating (TFBG) [14] 

Step change in attenuation of an LPG (TFBG) spectrum 

detected resin arrival.  

A serial array of LPGs (TFBGs) at different wavelengths 

detected resin flow. 

Cure was detected by LPG wavelength shift in response to 

refractive index change of resin. 

TFBG detected cure via the change in spectral attenuation 

due to refractive index change of resin. 

Only an array of LPGs (TFBGs) 

can, in principle, give direction of 

flow. This limits the spatial 

resolution. 

Standard fibre Bragg grating (FBG) [22] Arrival of resin detected by step shift of FBG wavelength as 

the resin and mould were at different temperatures. 

A serial array of FBGs at different wavelengths detected 

resin flow. 

Only an array of FBGs can give 

direction of flow. 

Cure is monitored by the FBG via 

strain measurement. 

Tapered (or etched) fibre section [22] Arrival of resin is detected as step change in transmission of 

light in tapered/etched fibre section.  

A serial array of tapers or etched sections detected resin 

flow. 

Change in attenuation of transmitted light, caused by 

refractive index change of resin, was used as a measure of 

cure. 

Only an array of the sensors can 

give direction of flow. This limits 

the spatial resolution. 

 

Fluorescence monitoring:  

Two configurations used; either (i) the resin is doped 

with fluorescent dye molecules and the fluorescence is 

monitored by using the evanescent field or the Fresnel 

reflection from an embedded optical fibre, or (ii) the 

embedded optical fibre itself is immobilised with the 

fluorescent dye molecules [24].  

The measured fluorescence intensity is proportional to the 

length of optical fibre sensor covered in resin and sensor 

length greater than 1m was used [25].  

Wavelength shift of the fluorescence maximum or the 

intensity of the fluorescence [24] is used to detect cure; 

including reaction kinetics, glass transition, gelation, and 

physical aging of cured resin. Responsivity is sensitive to 

coating thickness. 

Cannot detect flow direction. 

Dissolving of fluorescent 

molecules into resin is extra 

processing step that affects resin 

properties.  

Sensor not ideal when in contact 

with preform fibre.  

Ultrasonic sensors:  

Sensors are non-invasive as sound impulses are 

transmitted through the mould and laminate without 

contact to the laminate [26].  

High reliability, performance, low cost, and easy 

integration 

Monitors resin arrival (flow front position) and velocity 

[26].  

Monitors cure, gelation, vitrification and laminate thickness 

[26].  

Detected acoustic signals depend on the fibre volume 

content. 

Accurate detection of flow 

direction is possible for small 

mould thicknesses. 

Each measurement requires a 

receiver-transmitter pair probes. 

Thermocouple sensors [27]:  

Micro-thermocouples embedded into preform gave 

indirect measurements.  

Detects resin arrival through temperature measurement [27] 

when resin and mould are at different temperatures. 

Performance/sensitivity depends on this temperature 

difference. 

Sensor array is needed for 

detecting flow direction. The 

sensor is intrusive. 

Dielectric sensor array [28]:  

Sensor requires direct contact or is embedded into 

preform. Electric field applied to the bottom aluminium 

plate was transmitted through the laminate to the top 

polycarbonate plate of the mould to which the sensor 

array was attached.   

Exploits the change in capacitance and conductance to 

detect flow-front location continuously. 

Cure is monitored by spectroscopic measurements of the 

change in dielectric properties of resin at multiple locations 

simultaneously without embedding the sensor array. Also 

measured is temperature and viscosity simultaneously. 

An array of sensors needed to 

detect flow direction. 

The need to generate electric field 

limits the choice of the mould 

material. 

Pressure sensors:  

Piezo-resistive pressure sensors were embedded, 

demonstrating they can be used in conductive carbon 

fibre composite [29]. 

 

Measures the vacuum hold, resin flow and pressure build-

up. 

Cannot detect flow direction. 

Temperature fluctuation reduces 

sensitivity. 

Sensor is intrusive (12 x4 mm in 

size). 

Carbon fibre sensor:  

Consists of embedded pair of parallel carbon fibres 

(typically 3 mm apart and 50 cm long) forming a 

parallel plate capacitor when connected to a voltage 

supply [30].  

An electrolyte is created by adding Lithium ions to the 

resin. The flow of resin between the two fibres 

therefore influences the electrical field.  

Detects resin flow continuously when flow is parallel, and 

detects step change when flow is perpendicular to the length 

of the sensor. 

The phase between the input voltage and voltage across the 

fibre capacitor was used as a measure of resin flow [30]. 

 

 

Cannot detect flow direction. 

Ion seeding can influence resin 

viscosity, also the process to 

produce the carbon fibre sensor is 

complex. 
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The concept of a directional flow sensor was introduced by 

Buggy et al. [19] where they immersed a chirped long period 

grating in Cargille RI oil causing a change in the shape of the 

resonance band of the LPG's transmission spectrum. The 

shape of the band was dependent on whether the shorter 

periods or longer periods of the LPG were covered. This 

approach was also shown to have the potential to work with 

epoxy resin systems [20]. This work is extended here to 

provide a detailed study and comparison of the use of 

continuously-chirped and step-chirped LPGs to determine the 

direction of flow of a UV-cured epoxy resin. The sensors are 

further used to monitor the cure of the resin which is 

correlated with measurements from a fibre optic Fresnel 

refractometer. 

A range of optical techniques have been investigated for 

composite material processing, with demonstrations of the 

ability to detect the presence of resin using a single sensor [20, 

21], to measure resin flow during the infusion when the 

sensors are spatially multiplexed [14, 22], and to monitor the 

cure of the resin [11, 21, 22]. Superimposed fibre grating 

sensors, offering strain-temperature discrimination, have also 

been demonstrated for cure monitoring [23]. The detection of 

the direction of resin flow using these techniques is possible 

only with spatially multiplexed sensors, and the spatial 

resolution depends on sensor length and sensor spacing. In this 

paper we demonstrate that it is possible to monitor the 

presence of resin, resin flow and its direction, and cure using a 

single CCLPG or SCLPG sensor. While the performance of 

the CCLPG or SCLPG as resin flow and cure sensors is 

comparable to the performance of other optical sensors, the 

flow direction monitoring capability by a single CCLPG or 

SCLPG offers the capability to detect flow and flow direction 

with improved spatial resolution. Additionally, the 

multiplexing of a number of CCLPGs or SCLPGs will provide 

monitoring capabilities over an extended area of the composite 

preform. Table 1 provides a summary of the capabilities of 

some common optical and non-optical sensing technologies 

for composite material processing. 

 

TABLE 1: Capabilities of some optical and non-optical 

sensing technologies for composite process monitoring 

 

A. Long Period Gratings 

LPGs have periods which range typically from 100 µm to 1 

mm [31, 32] and promote coupling between the propagating 

core mode and one or more of the co-propagating cladding 

modes. This results in a transmission spectrum that consists of 

a number of resonance bands centred at wavelengths 

determined by the phase matching condition [33] described by 

(1): 

 

� � �������� 	 �
��

� ����Λ                    (1) 

 

Where λ is the coupling wavelength, neff is the effective 

refractive index of the propagating core mode, ni
clad is the 

effective refractive index of the ith cladding mode and Λ is the 

period of the LPG. The attenuation in the resonance bands 

increases when the length of the LPG is increased. While it 

has been shown that it is possible to create an LPG of length 

equivalent to 2 periods using the electric arc approach, in 

practice, the typical length of an LPG is of the order of 10’s of 

mm.  Composite materials that are processed in laboratory 

environments range from 10’s of mm to several metres in 

length, while industrial components can be of the order of 10’s 

of metres long, which make the composites suitable for 

monitoring using LPG sensors. The transmission spectrum of 

an LPG covers a relatively large wavelength bandwidth which 

can use up most of the bandwidth available from the light 

source used for the interrogation. To use a number of LPG 

sensors, multiplexing schemes ranging from time division [34] 

to optical frequency domain reflectometry [35] have been 

employed. 

The LPG's sensitivity to changes in the RI of the 

surrounding medium derives from the phase matching 

condition's dependence on the effective refractive index of the 

fibre's cladding modes. The effective refractive index of the 

cladding mode, which is determined by the difference between 

the RI of the cladding and that of the surrounding 

environment, changes along with surrounding RI.  This leads 

to a shift in the wavelength of the resonance bands. 

When an LPG has a period that varies from one end of the 

grating to the other, for example linearly, it is referred to as a 

chirped long period grating [36]. The resonance bands of a 

chirped LPG generally have a broader bandwidth than those 

with a uniform period. Figure 1a illustrates the structure of a 

linearly chirped LPG where the period increases continuously 

from one end of the grating to the other. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A step chirped long period grating (SCLPG) is one in which 

the periods are varied in large discrete steps and thus the LPG 

 
(a) 

 

 
(b) 

 
Fig. 1.  (a) represents a continuously chirped long period grating 

(CCLPG) where Λi is the period and L is the length of the LPG. (b) 

Represents a step chirped long period grating (SCLPG) where ni is the 

number of periods in each section, li is the length of each section. The 

grey areas represent sections of fibre that have been exposed to UV 

irradiation. 
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consists of a number of sections where the period in each 

section is constant (Fig. 1b). 

II. EXPERIMENT 

A CCLPG, with an effective length of 35 mm and 

periodicity varying linearly over its length, from 400 µm to 

420 µm, was fabricated in a single mode fibre with a cut off 

wavelength of 627 nm (Fibercore PS750) using a UV laser 

(266nm) and the point-by-point inscription method [37]. The 

transmission spectrum of the LPG was monitored by coupling 

light from a tungsten-halogen light source to a high resolution 

CCD spectrometer (Ocean Optics HR4000). This chirp rate 

was chosen so that the resonance bands in the transmission 

spectrum would be broadened but not spectrally overlap. The 

length of the LPG was chosen as it provided a transmission 

spectrum with resonance bands of sufficient extinction for this 

experiment while allowing the LPG to be handled easily. 

Figure 2 shows the normalised transmission spectrum of a 

CCLPG with a period range of 400 µm - 420 µm, along with 

those of uniform-period LPGs with periods 400 µm and 420 

µm. The extreme wavelength bounds of the CCLPG bands are 

coincident with the wavelengths of the resonance bands of the 

two uniform period LPGs, as expected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 also shows that, while the individual resonance 

bands of the uniform period LPGs have a relatively narrow 

bandwidth, the bands of the CCLPG exhibit an increased 

bandwidth and a decrease in the resonance depth. This is 

because the wavelength coupled to the cladding mode varies 

as a function of the position along the CCLPG. 

An SCLPG with the same parameters was also fabricated, 

with its transmission spectrum shown in Fig. 3. However, 

instead of a continuous chirp, there was a discrete step change 

in period of 2 µm from one group of periods to the next. 

Again, the width of each band is bound by the upper and lower 

periods that constitute the chirped LPG. Each of the resonance 

bands of the SCLPG is split into two distinct bands because of 

the phase shift that is introduced by the discontinuous chirp 

(i.e. step chirp). The SCLPG spectrum thus resembles the 

spectrum of a phase-shifted long period fibre grating [38]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Epoxy Resin Flow 

The directional flow measurement capabilities of the 

chirped LPGs were assessed using a UV cured epoxy resin 

which had an uncured RI of 1.4230, specified at 589 nm, and a 

viscosity of 50 – 100 cPs at 100 RPM/23 ºC (Epotek OG-134) 

[39]. The CCLPG was secured along the inside of a long, thin 

plastic channel. This was positioned at an incline of 1.2 ± 0.1º 

relative to the table surface, to allow the resin to flow slowly 

over the grating in one direction. 200 µl of resin was pipetted 

into the channel at the highest point (see Fig. 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The incline of the channel was then reversed so the resin 

would flow in the opposite direction relative to the chirp of the 

grating. In order to identify the location of the front of the 

resin flow, a small amount of dye was added to the resin. Blue 

food colouring was pipetted into the resin and the mixture was 

shaken vigorously (to ensure uniform distribution of the dye), 

and the flow was recorded with a digital camera to determine 

the length of the LPG covered by the resin. 

 
 
Fig. 2.  Transmission spectra of uniform period LPGs with periods of 

400 µm and 420 µm and a CCLPG with a period range of 400 µm - 420 

µm. All LPGs had a length of 35 mm and were written in a fibre with a 

cut off wavelength of 627 nm (Fibrecore PS750). 

 
 
Fig. 3.  Transmission spectrum of a step chirped LPG of length 35 mm 

with a period ranging from 400 µm to 420 µm and a step chirp of 2 µm. 

The LPG was written in a fibre with a cut off wavelength of 627 nm 

(Fibrecore PS750). 

 

 
 
Fig. 4.  Experimental configuration for the directional flow experiment. 

The plastic channel was inclined at an angle and the resin was added at 

the highest point of the channel. 
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B. Epoxy Resin Curing 

The CCLPG and SCLPG were also used to monitor the RI 

of the resin while the resin cured. The resin was contained in a 

small Teflon cell and the CCLPG and SCLPG were placed 

within the liquid resin. The fibre ends were fixed to fibre 

holders, using cyanoacrylate adhesive, in order to keep the 

LPGs taut. To measure the change in RI during cure, optical 

fibre Fresnel based refractometers [9] were also placed inside 

the resin to provide independent measurements at the same 

spatial location of the grating sensors. The Fresnel 

refractometer provided localised measurements that could be 

readily calibrated. The RI is determined by calculating the 

ratio between two light signals reflected from two cleaved 

optical fibre ends, the sensing probe embedded in resin and a 

reference probe placed in air. 

The property of the LPGs which was exploited for 

monitoring the curing of the resin is the shift in the central 

wavelength of a resonance band caused by the associated 

change in the RI of the resin. The RI dependence of the 

wavelength shift of the resonance bands of a uniform period 

LPG were calibrated by immersing the LPG in a series of 

Cargille oils of known refractive indices. A calibration 

function was obtained and used later when monitoring the 

resin cure to convert wavelength shifts of the resonance bands 

of the CCLPG and SCLPG directly into the RI of the resin 

under cure. Figure 5 shows the response of the resonance band 

corresponding to the LP07 mode of a 400 µm uniform period 

LPG to changing surrounding RI obtained using a series of 

Cargille oils. The RI values were plotted against wavelength 

shift, so that the function fitted to the curve could be used 

directly to interpret the RI during measurement experiments, 

without having to obtain the inverse function. A 7th
 order 

polynomial was used to generate a transfer function relating 

the wavelength shift to the surrounding RI. The transfer 

function obtained from the calibration curve of Fig. 5 was the 

same as that obtained from the separate calibrations for the 

CCLPG and SCLPG, and the transfer function has been used 

to interpret the RI during the measurement experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experimental configuration used to monitor the cure of 

the UV-cured resin is shown in Fig. 6. For the Fresnel 

refractometer, a superluminescent diode (SLD) (Covega 1005) 

with a bandwidth of 100 nm, centred at 1550 nm, and an 

output power of 15 mW was intensity modulated at a 

frequency of 1 kHz by modulating the injection current. The 

output was coupled into a network of 3dB directional 

couplers. One arm of coupler 2 was terminated by a cleaved 

surface and was placed in the resin, allowing the reflection 

from the resin/fibre interface to be monitored by a photodiode, 

pd2. The other output was used to provide a reference by 

measuring the reflections at the air/fibre interface. This signal 

was monitored using a second photodiode, pd1. The outputs of 

the photo detectors (New Focus, Model 2011) were monitored 

using lock-in amplifiers (National Instruments NI PXI-4462). 

The RI calibration from the Fresnel refractometer was 

calculated from the Fresnel expression as described in [11]. 

An LPG of uniform period (400 µm) was also placed in the 

resin for comparison purposes, along with the CCLPG and 

SCLPG. A UV lamp, which operated at a central wavelength 

of 365 nm (Superlite-UV Lumatec), was placed above the 

resin and the resin was left to cure for 65 minutes. Data were 

recorded every 30 seconds during the cure process. The 

temperature was measured using a thermocouple placed in the 

resin, close to the LPGs, with readings taken every 30 

seconds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. RESULTS AND DISCUSSION 

A. Epoxy Resin Flow 

Figure 7 shows the evolution of the resonance band 

corresponding to the LP07 cladding mode of the CCLPG under 

the influence of the resin. When the RI of the external 

surroundings is lower than that of the fibre cladding, total 

internal reflection (TIR) is the dominant effect responsible for 

guiding the coupled cladding mode [40]. When an LPG is 

covered by a material whose RI is lower than that of the fibre 

cladding, the effective refractive index of the cladding 

increases, causing a blue wavelength shift of the resonance 

band and a reduction in the depth of the band [41]. When the 

resin flow began at the lower period end of the CCLPG, the 

lower-wavelength side of the resonance band decreased in 

 
 
Fig. 5.  Response to surrounding RI of the resonance band corresponding 

to coupling to the LP07 mode of an LPG of uniform period of 400 µm. 

The data points were fitted with a 7th order polynomial to generate a 

function relating the wavelength shift to the surrounding RI. 

 
 
Fig. 6.  Experimental configuration for monitoring the cure of a resin. 

SLD, superluminescent diode laser; CCLPG, continuously chirped long 

period grating; SCLPG, step chirped long period grating; LPG, long 

period grating; pdx, photodiode. Adapted from [11]. 
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attenuation first, expected as the shorter periods were covered 

first. For flow in the direction of decreasing period, the 

converse was true. When the entire length of the CCLPG was 

covered, the resonance band returned to its original 

profile/shape with a shift to a lower wavelength corresponding 

to the change in the surrounding RI caused by the presence of 

the resin. For flow in the decreasing period direction, the 

opposite effect was evident. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is interesting to note that the onset of the response of the 

CCLPG resonance band to the resin flow differed depending 

on the direction of the flow. For flow in the direction of 

increasing period, a change in the shape of the resonance band 

was evident after 2% of the length of the grating was covered 

for increasing period direction, while for flow in the opposite 

direction 6% of the grating length was covered before a 

change in the band shape could be detected. This is due to the 

nature of the structure of a CCLPG, in that there are a greater 

number of periods nearer the 400 µm end of the grating than 

there are at the 420 µm side. The effects are more pronounced 

at the early stages of the flow coverage. At 0% and 100% 

coverage, the profile shape of the resonance band is the same. 

The shift of the wavelength corresponds to the change in the 

RI (the index of the uncured resin is lower than that of the 

cladding). 

To compare the flow measurement capabilities of the 

SCLPG and CCLPG, the two LPGs were mounted in the same 

channel. The two LPGs were able to detect the arrival of the 

resin under near identical conditions. Figure 8 shows the 

changes in the resonance bands corresponding to coupling to 

the LP07 mode by the CCLPG and SCLPG over time, 

respectively, as resin flowed across the length of the gratings. 

A reference spectrum was recorded with the LPG surrounded 

by air, and this was subtracted from the “live” spectrum to 

reveal changes caused by the flow of the resin over the LPG.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen, depending on the direction of the resin flow 

(increasing or decreasing chirp period direction), the two 

curves displace in opposing directions. The y axes in Fig. 8a 

and 8b have been scaled the same in order to show the larger 

changes shown by the CCLPG. The figures also confirm that, 

 
 

(a) 

 
(b) 

Fig. 7.  The change in the profile of the resonance band corresponding to 

coupling to the LP07 mode by the CCLPG as the resin flowed in the (a) 

400 µm - 420 µm period direction and (b) 420 µm - 400 µm period 

direction. The % refers to the length of grating covered by the resin during 

the flow. (a) 2% and (b) 6% are the lengths of grating covered where the 

band profile/shape changes due to flow can be first detected and 100% 

corresponds to the entire grating being covered. 

 
(a) 

 
(b) 

Fig. 8.  Change in the transmission spectrum of (a) the CCLPG and (b) the 

SCLPG, measured at 940 nm as resin flowed over the length of the grating 

in the increasing and decreasing chirp period directions. The blue peak 

represents resin flow in the 400 µm - 420 µm period direction and the red 

trough represents flow in the 420 µm - 400 µm period direction. The 

horizontal and vertical lines provide a guide to indicate the onset of 

change in the shape of the resonance band with flow. Λ indicates the 

grating period. 



1558-1748 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2017.2739422, IEEE
Sensors Journal

in the increasing chirp period direction, the resonance band 

reacts sooner to the introduction of resin than it does in the 

decreasing chirp period direction, as indicated by the vertical 

dotted lines (though this is less apparent for the decreasing 

period, as the resin has to cover a larger distance before 

sufficient periods of similar length can impact on the 

transmission spectrum). In the case of flow from the shorter 

period direction, a number of periods are covered in a shorter 

physical distance and thus a change in the spectrum is seen 

earlier. This also explains the time lapse between the onset of 

resin flow and change in spatial profile experienced in the 420 

µm - 400 µm period direction, as the resin has to cover a 

relatively longer length of the LPG. Resin was introduced into 

the flow cell such that it took approximately 30 s before 

arriving at the LPG location, allowing the resin to cover the 

LPG length at a constant speed. 

The change in the transmission spectrum exhibited by the 

SCLPG follows broadly the same trend as that of the CCLPG. 

However, as it lacks the intermediate periods present in the 

CCLPG, which can be considered to be equivalent to a loss of 

resolution, there are differences in response. For flows in the 

direction of decreasing period, the response of the SCLPG 

occurs later than that of the CCLPG. In addition, the 

transmission spectrum of the SCLPG stops responding to resin 

flow sooner than the CCLPG. Although the resin completely 

covered the two gratings after approximately 23 s, only the 

spectral profile of the CCLPG changed for the entire duration 

of the flow along the grating, with the changes in the SCLPG 

ending earlier. 

 

B. Epoxy Resin Curing 

The thermal state of the UV-cured resin was characterised 

during the cure process, as shown in Fig. 9, before the LPG 

and Fresnel sensors were deployed in further experiments to 

monitor the resin cure. The thermocouple showed that there 

was a 2 ºC decrease in the temperature of the resin, following 

an initial rise of about 0.5 ºC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This rise in temperature can be attributed to an exothermic 

reaction that occurred shortly after the UV lamp was turned 

on. The thermal characterisation experiments showed a 

maximum temperature excursion of the order of 0.6 °C 

recorded by a thermocouple embedded in the resin during the 

cure process. Such a temperature change will contribute a 

maximum error in the RI measurement of 5.76 x 10-6 caused 

by the thermo-optic coefficient of the optical fibre (9.6 x 10-

6/°C [42]), which is relatively insignificant. An additional 

error, also expected to be insignificant, in the measured RI 

may also be introduced by the RI change of the resin caused 

by the temperature excursion. This error could not be 

calculated as the thermo-optic coefficient of the UV-cured 

resin was unknown. As an example, the thermo-optic 

coefficient of RTM6, a thermosetting resin, is approximately -

3.58 x 10-4/oC [43]. 

Figures 10 show the wavelength shifts of the resonance 

band corresponding to the LP07 modes of the CCLPG, SCLPG 

and a uniform period LPG as the resin was being cured. As the 

bandwidth of the attenuation band is relatively broad for its 

wavelength to be accurately located,   the central wavelengths 

of the chirped LPGs were determined by fitting a polynomial 

to the spectral feature and differentiating, using a routine 

written in LabVIEW. The shifts in the measured central 

wavelengths of the resonance bands after the cure cycle was 

complete, corresponding to the change in RI of the resin, were 

comparable for the CCLPG and SCLPG, at -1.1 ± 0.1 nm and 

-1.1 ± 0.1 nm respectively. The resonance band of the uniform 

period LPG shifted by -0.6 ± 0.1 nm. This shift may be due to 

the LPG being spatially displaced from the other two gratings, 

so that it was located in a region of the resin that did not get 

exposed to the same UV flux and thus did not experience the 

same degree of cure. This was confirmed by a second Fresnel 

refractometer placed at a similar spatial position. It also 

showed a diminished response suggesting that the degree of 

cure was lower. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The measured wavelength shifts were converted to 

equivalent changes in RI with the aid of the calibration curves 

 
 
Fig. 9.  Temperature of the epoxy resin as measured by a thermocouple 

during the cure process. 

 

 
 
Fig. 10.  Wavelength shift of the resonance band corresponding coupling 

to the  LP07 mode by the CCLPG and SCLPG with period ranging from 

400 µm - 420 µm, and by the 400 µm uniform period LPG measured 

during the curing of the epoxy resin over 65 minutes. 
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of Fig. 5. The responses of the fibre gratings to the changes in 

the RI were compared with the changes in RI measured by the 

Fresnel refractometer during the same experiment (Fig. 11 - 

13). The correlation coefficient being used is the adjusted R2, 

which not only takes into account how well the data points fit 

the trendline, but also the number of predictors that are 

involved (“x” variables). There was a good linear correlation 

of 0.96 between the wavelength shifts of the CCLPG and the 

change in RI measured with the Fresnel refractometer. The 

linear correlations obtained for the SCLPG and LPG were 

0.91 and 0.97, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The LPG had a slightly higher correlation due to the 

narrower bandwidth of the resonance bands, which allowed 

the central wavelength to be determined with higher 

resolution. A linear correlation was expected as, even though 

the Fresnel and the LPG sensors operated at different 

wavelengths and thus through dispersion the refractive indices 

the resin experienced were different, the same trend would be 

observed. These measurements indicate that sensitivity to 

cure-induced refractive indices was not greatly compromised 

when using the broader resonance bands of the CCLPG and 

SCLPG, while the use of these chirped LPG structures also 

allowed the determination of the direction of resin flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a) 

 

 
(b) 

 
Fig. 11.  Correlation of RI changes a measured by the Fresnel 

refractometer and by a CCLPG with a period range of 400 µm - 420 µm, 

obtained during epoxy resin cure. (a) Shows the changes in RI measured 

by the CCLPG (red curve) and Fresnel refractometer (black curve) and (b) 

shows the plot of CCLPG-measured RI against the RI measured using a 

Fresnel refractometer. A linear fit (solid line) was added to show a 

correlation coefficient of 0.96. 

 
(a) 

 

 
(b) 

 
Fig. 12.  Correlation of the RI changes measured by the Fresnel 

refractometer and by a SCLPG with a period range of 400 µm to 420 µm, 

obtained during epoxy resin cure. (a) Shows the changes in RI measured 

by the SCLPG (red curve) and Fresnel refractometer (black curve) and (b) 

shows the plot of SCLPG-measured RI against the RI measured using the 

Fresnel refractometer. A linear fit (solid line) was added to show a 

correlation coefficient of 0.91. 
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IV. SUMMARY AND CONCLUSIONS 

A CCLPG was used as a directional flow sensor and as a 

resin cure sensor. The change in the shape of the resonance 

band was shown to be dependent on the direction of flow of 

the resin with respect to the grating chirp orientation. When 

the resin flowed in the increasing chirp direction, the 

resonance band appeared to move toward longer wavelengths. 

In the decreasing chirp direction the resonance band moved to 

the left (shorter wavelengths), with the resonance band having 

more prominence on the blue edge of its spectrum. The 

sensitivities of a CCLPG and a SCLPG, both with a total chirp 

of 20 µm, were compared. For directional flow measurement, 

the CCLPG was shown to be more responsive than the 

SCLPG. This implies that the CCLPG would make a more 

sensitive directional flow sensor when compared to a SCLPG. 

The detection provided (transmission spectrum profile change) 

by the SCLPG followed the same trend as that of the CCLPG 

but it lacked the intermediate periods provided by the CCLPG, 

leading to a reduction in resolution. The CCLPG can also be 

used for monitoring flow of materials with both higher and 

lower refractive indices than that of the fibre cladding. 

The CCLPG and SCLPG were used to monitor the cure of 

the resin and the responses of the resonance bands were 

compared with that of a uniform period LPG. The experiment 

demonstrated that the sensitivity was not affected when using 

a CCLPG or SCLPG during the cure process, despite the 

increased width of the resonance bands. The change in RI 

during cure also correlated well with the results from the 

Fresnel refractometer, with correlation coefficients of 0.96 for 

the CCLPG and 0.91 for the SCLPG. Though the uniform 

period LPG still had the higher correlation of 0.97, it cannot 

be used to detect directional flow. The CCLPG is able to 

perform both directional flow sensing and cure monitoring 

using a single sensor. While the broad spectral width of the 

resonance bands compromises the accurate measurement of 

the central wavelengths of the band, this could be mitigated by 

reducing the magnitude of the chirp and at the same time using 

a shorter period or by increasing the number of grating planes 

written while keeping the overall length of the grating fixed. 

This experiment involved resin flowing along the axis of the 

fibre from one end to the other.  In real world situations this 

may not be the case (e.g. resin may reach the centre of the 

CCLPG first or reach different parts of the sensor at the same 

time). However, due to the nature of the CCLPG having a 

linearly varying period, it may be possible to determine the 

location of the resin along the LPG.  
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