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An advanced technique based on a fiber Bragg grating (FBG) sensor is proposed 

to measure the critical mechanical properties of polymeric materials during 

polymerization: effective chemical shrinkage and modulus evolutions.  Based on the 

existing technique implemented with convection oven and two different specimen 

configurations using same size of FBG, challenges associated with implementation are 

identified and solutions are proposed. Challenges include temperature instability due to 

high exothermic heat generated during polymerization inside polymer substrate, 

temperature controllability due to limitations of convection oven, and mechanical 



 

 

constrain on polymer and fiber during measurement. The proposed system provides 

modifications to provide easier implementation with accurate results.  Modifications such 

as fabrication of FBG on special fiber, enhancement of heating system, and optimization 

of system design are combined to provide a tool for rapid but accurate measurement of 

polymer properties.   

 The proposed technique significantly improves the ability to characterize the 

mechanical properties of polymeric materials during polymerization which will enhance 

the accuracy of predictive modeling for design optimization of a microelectronics product 

at the conceptual stage of product development.  
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Chapter 1. Introduction/Background 

 

1.1 Polymer in Semiconductor Industry 

Use of polymer in semiconductor industry is considered very critical in all aspects 

of semiconductor package, such as the packaging, the interconnections, and the 

encapsulations for protecting the chips and interconnections from the environment.  The 

selection of polymer has a great influence on the reliability and performance of an 

electronic system, and therefore, advanced material considerations can lead to more 

demanding packaging schemes. [1] 

There are different material properties to be considered when selecting polymeric 

materials, such as curing evolutions, Coefficient of Thermal Expansion, Visco-elastic 

properties, etc.  In this study, a technique to accurately measure curing evolution 

properties of polymeric materials is proposed.  During curing, it is important to 

characterize effective chemical shrinkage evolution and modulus evolution, which will be 

critical especially during manufacturing process of electronic packages.  

1.2 Chemical Shrinkage and Modulus Evolution 

Polymeric materials are composed of molecules with very high molecular weight 

and they can be divided into three categories: thermoplastic, thermoset, or elastomer [2].   

Thermosetting polymers, which are mostly used in electronic packaging, are cross-linked 

and solidify by being cured chemically where the long chains of molecules become cross-

linked with each other.  During the chemical curing process, volumetric shrinkage of a 
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thermosetting polymer occurs as the distance between molecules move decreases from a 

van der Waals distance of separation to a distance of covalent bonding.  This shrinkage 

caused by curing is called chemical shrinkage, which can be quantified using the specific 

volume change, 
ch , defined as 

 
0

ch V

V



  (1)  

where ΔV is the volume change during the curing and V0 is the original volume before 

polymerization.  It is known that the specific volume shrinkage can be between 10% and 

20% depending on the chemical composition and the polymerization reaction of 

polymers [3].  The term chemical shrinkage strain can be more useful in mechanical 

modeling and can be expressed in terms of specific volume shrinkage as [4]  

 
3 1 1ch ch     (2) 

where 
ch  is the chemical shrinkage strain and 

ch  is specific volume shrinkage.  As a 

mechanical strain, the chemical shrinkage can generate residual stresses during curing of 

polymeric materials.  The residual stresses developed in packages can be considered 

negligible when cured at high temperatures due to the small modulus of polymers [5-7].  

On the other hand, the modulus of cured polymers can be large enough to cause 

considerable residual stresses when cured at low temperature, especially below Tg, and 

therefore, chemical shrinkage should be characterized.   

Chemical shrinkage can also affect the functionality.  For example, electrical 

conductivity of adhesives that contain polymeric matrices and conductive fillers is 

usually low before curing but increases when cured.  Conductivity increases during 

curing because the shrinkage of polymer binder causes close contact of conductive fillers. 
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[8] Therefore, increasing the chemical shrinkage of a polymer matrix can improve 

electrical conductivity of adhesives. 

Another important mechanical property to consider is the modulus, E, which 

quantifies stiffness, the resistance of a material to mechanical deformation, and the ability 

to store deformation energy.  The modulus of polymers evolves during the 

polymerization process which is a dynamic process as polymers in liquid or gel state 

gradually solidify at the curing temperature in general.  This means that the modulus 

evolves from virtually zero at the gelation point to a final value at the end of curing, and 

the knowledge of not only the final modulus, but also the modulus evolution is required 

in order to predict the residual stresses induced by polymerization.  Theoretically, it is 

generally hypothesized that an increment of curing induced strain, dε, contributes to the 

stress after completion of the process according to Hooke’s law [9].  Stress increment can 

be calculated as follows in case of uni-axial condition, 

  d E t d   (3) 

where E is the modulus at the time of the strain increment.  The total stress σ can 

be obtained by integrating Equation (3) over the curing process 

  E t d    (4)   

As shown in Equation (4), quantifying curing induced residual stress requires 

evolution of the modulus.  Although it can be practically difficult, it is important to 

understand and measure the chemical shrinkage and modulus evolution for development 

of new polymers and improvement of the performance of electronic packaging products.  
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Most methods that measure chemical shrinkage can only quantify the total 

(intrinsic) chemical shrinkage, and cannot detect gelation point.  Gelation point can be 

defined as a conversion point at which an infinite molecular network is formed [10], and 

where the polymer has apparent elastic properties [11].  Consequently, only chemical 

shrinkage after gelation point should be used when characterizing the curing induced 

residual stresses in the assembly, instead of the total chemical shrinkage.  This portion of 

total chemical shrinkage that contributes to accumulation of residual stresses is defined as 

“effective chemical shrinkage.” [12]  

Since most of the methods focus on the measurement of total shrinkage, and no 

efficient method was found to be able to determine the chemical shrinkage evolution as 

well as the gelation point, Yong Wang and Bongtae Han at the University of Maryland 

proposed a method that utilizes a Fiber Bragg Grating sensor to measure the effective 

chemical shrinkage and modulus evolutions during curing of polymeric materials.  Wang 

developed this technique that uses the FBG sensor as a strain sensor to measure the Bragg 

wavelength shift of two different specimens of different configurations which are later 

converted to chemical shrinkage and modulus evolutions.  This method is the core 

technique of which this paper is based on, and will be discussed in details in the 

following chapter.  
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Chapter 2. Background: Usage of Fiber Bragg Grating 

Sensor to Measure Curing Properties Evolutions 

2.1 Fiber Bragg Gratings as a Strain Sensor 

In the method proposed by Yong Wang, a fiber Bragg grating was used as a strain 

sensor, which is named for William Lawrence Bragg who formulated the conditions for 

X-ray diffraction which relate energy spectra to reflection spacing (Bragg's Law).  A fiber 

Bragg grating is made by a periodic perturbation of refractive index along the fiber length 

which is typically created by exposing the fiber core to an intense interference pattern of 

UV energy.[13-15]  When a band of the incident light encounters a material with higher 

index of refraction, one of the periodic gratings, some of the incident light is reflected, 

some is refracted, and some is transmitted.  As shown in Figure 1 (a), the Bragg grating 

allows a portion of the incident light to be reflected at certain wavelength (known as the 

Bragg wavelength) that satisfies 

 2B effn    (5) 

where λB is the Bragg wavelength, neff  is the effective refractive index and Ʌ is the 

grating pitch.   
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(a) 

 

(b) 

Figure 1. Illustration of (a) an FBG and corresponding spectrum and (b) BW shift [12] 

Since each grating serves to reflect a portion of the input light signal, the amount 

of the light reflected at the Bragg wavelength is dependent on the perturbation of 

refractive index, Δn, as well as the total grating length. Figure 1 (b) illustrates shift in the 

Bragg wavelength caused by external disturbances such as changes in temperature or 

strain that will change the grating pitch and effective refractive index of the FBG, which 

becomes the basic principle of using FBGs as a sensor. 
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Differentiating Eqn. (5) yields [13-15],  

 
1

eff effB

B eff eff

n n

n n






  
   


 (6) 

where  and effn   are the changes in the grating pitch and the effective 

refractive index, respectively, and 1  is the axial strain along the fiber.  For isotropic and 

straight Bragg grating, it can be obtained as [16] 

    
3

12 1 11 12 2 11 123

2
2

2
eff f

n dn
n P P P P P T

n dT
  

  
          

  
 (7) 

where 2  is the transverse strain, Pij are strain-optic coefficients (Prockel’s 

coefficients), 
dn

dT
 is the thermo-optic coefficient, 

f is the CTE of the fiber core material, 

and T is the temperature change with respect to the initial condition.  

In case of uni-axial loading condition where 
2 1    and there is zero 

temperature change, Eqns. (6) and (7) can be simplified to  

 1(1 )B B kP      (8)  

where  kP  is called “effective strain-optic constant”, defined as  

  
2

12 11 12
2

k

n
P P P P       (9) 

where   is the Poisson’s ratio of the fiber material.   

It can be seen that the axial strain is linearly proportional to the Bragg wavelength 

shift in Equation (8).  FBGs are widely used as strain sensors in practice, and were used 

in Wang’s method to characterize properties of polymer substrates as well. 
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2.2 Governing Equation to Measure Property Evolutions with 

FBGs Embedded in Cylindrical Polymer Substrate 

 In this section, Wang’s method to measure chemical shrinkage and modulus 

evolution properties of polymeric materials during curing will be discussed.  Wang 

developed the method based on using the Fiber Bragg Grating sensor of an outer radius 

of a, embedded in a cylindrical polymer matrix that has an inner radius of a, and an outer 

radius of b.  A schematic drawing of the FBG and the matrix is shown in Figure 2. 

 

Figure 2. Schematic diagram of an FBG sensor embedded in a cylindrical substrate [12] 

 When modeling the behavior of an FBG embedded in a matrix, Eqn. (8) has been 

widely used.  This equation states that the change in Bragg wavelength, or Bragg 

wavelength shift, is linearly proportional to the axial strain applied to the fiber.  However, 

when FBG is embedded, the actual loading applied to the FBG is three dimensional.  

Wang’s analytical solution will be presented in this section for an FBG’s response when 

it is embedded in a cylindrical polymer substrate.   

 Any type of loading can be applied to FBG and induce Bragg wavelength shift of 

an FBG.  By combining Eqns. (6) and (7), the BW shift can be written as  

    
2

1 12 1 11 12 2 11 123

2
2

2

B
f

B

n dn
P P P P P T

n dT


   



   
         

  
 (10) 
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Where 1 and 2  are the axial and transverse strains respectively, Pij are strain-

optic coefficients, 
dn

dT
 is the thermo-optic coefficient, 

f  is the CTE of the fiber core 

material, and T  is the temperature change.  When the thermal loading and mechanical 

loading coexist, the strain components can be expressed as 

 1 1 f T      (11) 

and   

 2 2 f T      (12) 

where 1 2and    are the stress-induced axial strain and transverse strain of the fiber, 

respectively.  Substituting Equations (11) and (12) into Equation (10) yields 

  
2

1 12 1 11 12 2

1

2

i d

B B f B B B

eff

dn n
T P P P

n dT

          
   

                
  

 (13) 

where i

B  is called “intrinsic” BW shift which is defined as 

 
1i

B B f

eff

dn
T

n dT
  

 
    

 
 

 (14) 

and d

B  is called “deformation” induced BW shift which is defined as 

  
2

1 12 1 11 12 2
2

d

B B

n
P P P      

 
       

 
 (15) 

The name “intrinsic” is given to i

B  where this BW shift is not associated with any 

stress-induced deformation.  [12] 

 In Equation (15), 1 2and    are mechanical strains which can be derived for a 

given mechanical load using the theory of elasticity.  Referring back to Wang’s 



10 

 

configuration where the FBG with outer radius of a is embedded in the cylindrical 

polymer matrix that has an inner radius of a and an outer radius of b, a loading condition 

of a piecewise constant temperature distribution can be defined as 

 
, 0

( )
,

f

s

T r a
T r

T a r b

 
 

 
 (16) 

where  and f sT T  are the pseudo temperature change of the fiber and the substrate from 

the reference temperature, respectively.  The piecewise constant temperature condition is 

introduced to evaluate chemical shrinkage which can be simulated as thermal contraction 

by analogy. [12]  

It is necessary to assign different “pseudo-temperature” changes in each material 

since strain due to chemical shrinkage is different in each material, as tendency to shrink 

is proportional to the temperature change in this analogy. Under the assumption of the 

generalized plane strain condition, where the axial strain is an unknown constant, the 

analytical solution of the stress components can be derived.  The formulations are shown 

in the Appendix - A, where the subscripts, f and s, represent the fiber and substrate 

parameters, respectively.[12]  Wang verified the derived analytical solution by a 2-D axi-

symmetric finite element model.  

Wang then derived the relationship between the stress components and the 

“deformation” induced BW shift as 

   
2 2

12 12 11 11 12

1
1 ( ) 2 (1 ) (1 3 )

2 2

d f f

B f zz f f f rr B

f

n n
P P P P P

E
       

     
             

     
 (17) 



11 

 

This equation represents an analytical relationship between the “deformation 

induced” BW shift and the material properties of the polymer substrate under the loading 

condition shown in Equation (16). [12] 

2.3 Specimen Configuration 

After the governing equation was established, Wang conducted some analysis on 

understanding sensitivity of the deformation induced BW shift to (1) outer radius of 

polymer, b, and (2) Poisson’s ratio of polymer, s .  Wang analyzed that if b/a is greater 

than 200, the behavior of the assembly will be governed by polymer to do high volume 

stiffness, defined by volume multiplied by modulus, however, this is not valid due to heat 

generation during polymerization as it will be discussed in the later part of this paper.  

Wang concluded that it is required to use small size configuration of polymer in order to 

minimize the heat generation during polymerization [12].  

Wang also concluded that the BW shift is independent of the Poisson’s ratio of 

polymer substrate and only depends on polymer substrate’s shrinkage strain and modulus, 

and therefore, 2 different specimen configurations are required in order to solve for 2 

unknowns: shrinkage strain and modulus [12].  

2.4 Procedure to Determine Property Evolutions 

In this section, the procedure to determine property evolutions using measured 

BW data that was developed by Wang is discussed. Assuming that a shrinkage strain of 

ch  occurs in the polymer substrate, the loading condition can be written as 



12 

 

 
0        for 0

( )
   for  ch

r a
z

a r b




 
 

  
 (18) 

where a is the radius of the FBG and b is the outer radius of the polymer substrate.  The 

thermal analogy, Equation (16), can be written as 

 

0, 0

( )
,

ch

s

r a

T r
a r b





 


 
 



 (19) 

where s  is the CTE of the polymer which can be set as an arbitrary number.  Analytical 

solution of the stress fields within the FBG (Equation (17)) is shown in the Appendix – A 

at the end of this paper, and the governing equation will take a form of 

  ,d ch

B sF E      (20) 

where Es is an instant modulus of polymer substrate, 
b

a
  , and F is a nonlinear 

function of sE  and  .  Since there are two unknown constants (effective chemical 

shrinkage and modulus) in the governing Equation (20), the BW shifts are measured for 

two different specimen configurations to determine the constants which are referred to as 

C-1 and C-2 with β = β1 and β2, respectively.  Typical results of the measured BW shifts 

in the two configurations are illustrated schematically in Figure 3. [12] 
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Figure 3. Illustration of BW shifts and the segment division of two configurations [12] 

During polymerization, the effective chemical shrinkage and modulus evolve with 

time, and are determined incrementally by dividing the entire curing history into m 

numerous small time segments.  The BW shift of C-2 where β2 < β1 in each segment is 

even after the division, and the BW shift increments of C-1 and C-2 in the j
th

 (j = 1 to m) 

segment are called 1,B j  and 2,B j respectively.  The governing Equation (20) can 

develop the following simultaneous equations of the two configurations C-1 and C-2. 

 
 

 

1, , 1

2, , 2

,

,

ch

B j s j j

ch

B j s j j

F E

F E

  

  

  

  

 (21) 

The shrinkage increment 
ch

j  is eliminated when dividing the first equation by the 

second equation in Equation(21), and the instant equilibrium modulus ,s jE  is determined 



14 

 

by solving the nonlinear equation. Then the 
,s jE  can be substituted back into one of the 

two equations to calculate
ch

j . [12] 

The above procedure is repeated when m increases until the convergence is 

achieved.  It is important to note that the result of effective chemical shrinkage is in an 

accumulated manner while the result of the modulus is instantaneous. Specimen 

configurations were also determined as well as the length of the specimen, which is also 

important, so that the generalized plane strain condition is achieved. [12] 

2.5 Implementation with Convection Oven 

Wang’s set up utilized convection oven as heating source.  Silicone rubber tube 

was used to cure polymer in a cylindrical shape, which was held by teflon molds 

designed to hold the silicone rubber tube and the fiber inside the convection oven.  The 

diameter of the FBG used in the experiment is 125 μm.  Considering the practicality and 

commercial availability of silicone rubber tubes, in this study, the inner diameter of the 

tube is 3/16’’ in specimen configuration C-1 and 3/32’’ in configuration C-2; which leads 

to 1 38   and 2 19  .  The total length of Bragg gratings and the length of the polymer 

specimen are 5 mm and 50 mm, respectively [12].  The following procedure was used to 

fabricate a specimen: 

1. Place an FBG through a silicone rubber tube; 

2. Secure the FBG along the groove of the Teflon base; 

3. Assemble the bottom Teflon cap; 

4. Inject a polymer of interest into the tube; 
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5. Embed a fine-wire thermal couple; 

6. Assemble the top Teflon cap; 

7. Place the molds inside convection oven; 

8. Cure the polymer. 

 

Figure 4. Schematic illustration of Wang’s experimental setup [12] 

The figure above illustrates how the wavelength is recorded during the 

experiment.  The specimen is placed inside environmental chamber for curing, and the 

fiber is connected to an Interrogator (FBG-IS) which sends signal to the personal 

computer.  

Chapter 3. Motivation/Objective 

Even though Wang’s method was theoretically well established, there were some 

challenges associated in implementation stage that needed to be addressed and modified 
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with improvements.  In this chapter, major challenges in the aspect of implementation 

will be addressed and discussed in details.  

3.1 Heat Generation during Polymerization 

The biggest challenge associated with the previous system involves heat 

generation of polymeric material as curing proceeds.  Polymerization is an exothermic 

process where the temperature can rise considerably, especially in bulk materials.  The 

Fourier’s heat conduction equation for a cylindrical shape specimen with radius r of b 

and has the form  

 
2

2

1
p

T T T
k q c

r r r t


   
   

   
 (22) 

where k is the thermal conductivity, T is the temperature, t is the time, ρ is the density, cp 

is the specific heat and q  is the heat generation rate.  The heat generation during 

polymerization is directly related to the reaction speed through the equation [12] 

 
dp

q H
dt

   (23) 

where p is the curing extent and ΔH is the total exotherm of the reaction.  For simplicity, 

the polymerization can be modeled by an n
th

 order model [17-23] 

 (1 )n

c

dp
k p

dt
   (24) 

where kc is a temperature-dependent rate coefficient and it is related to the temperature 

through Arrhenius’s equation 

 
aE

RT
ck Ae



  (25) 
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where A is a material constant, Ea is the activation energy and R is the ideal gas constant, 

which is 8.314 /J mol K .  Wang developed the thermal modeling of polymerization 

process using boundary conditions of his convection oven system using ANSYS, where 

he predicted the temperature overshoot of the case b/a = 200 when cured at temperature 

165°C as shown in Figure 5. 
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Figure 5. Temperature profile of a cylindrical polymer during curing [12] 

 

It was found that the center temperature showed significant overshoots by 0.2Tc at 

the maximum.  This can cause large temperature gradient in the material, and partial 

curing which will cause large thermal strain on the embedded FBG while the temperature 

is dropping back to Tc that will be incorporated with the chemical shrinkage measured 
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during curing.  This can be also explained using curing extent evolutions, shown in 

Figure 6. 
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Figure 6. Curing extent evolution of a cylindrical polymer during the curing [12] 

This plot illustrates that the bulk specimen should not be used in the analysis and 

the FBG sensor should be embedded in polymers of small size to avoid problems 

associated with heat generation during polymerization.  

Wang selected specimen configurations of β1 = 19 and β2 = 38 to obtain 

maximum sensitivity while minimizing heat generation as much as possible.  Especially 

from the bigger configuration, due to larger volume of material trapped inside the silicone 

rubber tube which is an insulating material, heat generated during curing had no route to 

escape and therefore increased the temperature at the center of polymer significantly.  He 

also conducted numerical analysis to examine the maximum curing extent difference 
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between the center of C-1 and the surface of C-2, ∆pmax.  A wide range of the total 

exotherm, ∆H, and the curing rate coefficient, kc, was considered in this numerical 

analysis in order to cover most of the thermosetting polymers used in semiconductor 

packaging applications. The simulation results are shown below.  

 

(a) 
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(b) 

Figure 7. Maximum curing extent difference of various C-1 configurations (a) 

total exotherm, ∆H=200J/g; (b) ∆H=400J/g [24] 

In Figure 7 (a), it can be concluded that the maximum curing extent difference of 

low total exotherm polymer for entire range of curing rate coefficients shows less than 1% 

for C-1 of β1=40. However, polymer with high total exotherm shown in Figure 7 (b) 

shows more than 1% difference especially for the high curing rate coefficient. Certain 

polymers with low heat generation rate during polymerization may be characterized using 

previous system, however, polymers with high exotherm and curing rate coefficient will 

not be ideal for the previous system.   

3.2 Temperature Controllability of the System  

Another major challenge was associated with the heating source, the 

environmental convection oven.  With the convection oven, temperature controllability 
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and system accessibility were very limited.  Because it uses air/liquid nitrogen to 

heat/cool the specimen, heating/cooling ramp rates were too low, and the stabilization of 

temperature was not easily controllable.  Temperature response was also very slow 

because the oven had to heat/cool the entire volume of air within the control volume 

defined by the oven.  The plot below shows typical response of temperature control 

within convection oven used for previous system using its own temperature control 

program called PID3.  

 

Figure 8. Typical temperature response of convection oven used for previous system 

This particular temperature plot shows temperature response of a polymer 

specimen with diameter of 5mm and length of 60mm. Chamber probe was used to record 

the temperature of air inside convection oven, and the user probe was used to measure the 

temperature of the polymer specimen. It can be easily seen that the temperature control 

and stabilization are complicated and limited using the convection oven.  
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Additionally, due the fact that the air within control volume had to be isolated 

from environment during heating/cooling, accessibility to the system during test was very 

limited.  It is also important that the temperature should be stabilized before curing starts 

to happen, however, if not, it is very hard to clearly determine where the gelation point is.  

This can also cause error in determination of curing property evolutions since BW shift 

will include not only the strain due to curing but also thermal strain as the temperature of 

the specimen changes.   

For the combined reasons, it was challenging to test two configurations 

simultaneously.  Due to heat generation, temperature overshoot was typical, and the 

temperature response of the convection oven was too slow to control the temperature of 

specimen quickly and precisely.   

3.3 Other Challenges Associated with the Previous System 

Friction inside the silicone rubber tube was another concern.  Even though 

silicone rubber has very small modulus, the friction force between the outer surface of 

polymer and inner surface of silicone rubber tube could not be ignored.  The friction can 

introduce constrain to the polymer as it starts to shrink during curing, which will not 

allow the polymer to deform freely due to shrinkage during curing as shown below in 

Figure 9 (b).  The data below shows BW shift data taken after gelation point of curing 

underfill material called UF-2 of a specimen with length of 30mm.   
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(b) 

Figure 9. (a) BW shift data of 25.4x UF-2 specimen with 30mm length,  

(b) Schematic of friction force against shrinkage during curing of polymer specimen 

In Figure 9 (a), it can be clearly seen that the BW data fluctuates as it drops during 

polymerization.  The physical behavior of the polymer during polymerization can cause 

this type of fluctuation.  Since the polymer was constrained due to friction between the 
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tube and polymer surface, the polymer was constrained during shrinkage and did not 

shrink freely and smoothly.   

The fiber alignment was also another important issue to be addressed.  The 

following plot shows full reflected spectrums of two specimens after polymer was cured 

around FBG sensors. 
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Figure 10. Full spectrum of two UF-2 specimens A and B 

 As shown in Figure 10, Specimens A and B do not exhibit same or similar full 

reflected spectrums.  Specimen A shows normal behavior whereas the Specimen B shows 

peculiar behavior.  Such disrupted response can be caused by many different reasons. 

Critical causes that should be considered in this FBG system can be micro-bending of 

fiber and un-uniform curing of polymer around FBG sensor area.  Micro-bending of fiber 

around the FBG sensor area can cause significant loss due to the bend, disrupting the 

wave guidance of the light in the core because the light tends to travel in a straight line.  

Non-uniform curing of polymer around FBG sensor area can also disturb the spectrum 
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because it can apply uneven force to the fiber.  The uniformly spaced grating within fiber 

will no longer be uniformly spaced and cause such disturbance of the reflected spectrum.  

Non-uniform curing of polymer can occur when temperature of the polymer substrate is 

not uniform.  Since the configuration of the polymer substrate is only 3.175mm in 

diameter and is well buried inside the silicone rubber tube, temperature uniformity should 

not be a problem.  This was also confirmed with thermal analysis as shown in section 4.2 

where it only shows less than 0.3°C temperature distribution within the polymer substrate.  

However, micro-bending can easily occur when the fiber is poorly aligned.  Fiber should 

be aligned with precision in order to ensure that the fiber is located at the center of the 

polymer substrate and is maintained straight with no bending especially around the FBG 

sensor area.   

Chapter 4. Proposed Approach 

 

 In this section of the study, a newly developed system to accurately measure 

evolution properties of polymers will be proposed.  Proposed system was developed 

mainly to reduce the problems and challenges mentioned in the previous chapter with 

improvements.  Specific changes or additions made to the existing system will be 

discussed thoroughly in this chapter. 

4.1 FBG on Special Fiber 

 As discussed in previous chapter, heat generation causes major problems which 

made this application very limited specifically with high exothermic polymers.  Heat 
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generation during polymerization increases the temperature of polymer substrate which 

makes it difficult to control especially inside the convection oven.  There were several 

ideas that could be implemented to reduce or remove heat generated within polymer 

substrate during curing.  One approach was to reduce insulation around polymer substrate, 

the silicone rubber tube, and create conduction path for the heat to escape from the 

polymer substrate and let the temperature equilibrate.  However, this was not applicable 

because it was very difficult to fabricate thin and uniform layer of Silicone that could 

hold and form perfect shape of cylinder on the metal surface.   

Since a certain thickness of soft, low modulus, silicone rubber was to be used to 

hold polymer in place during curing, the second approach was used to reduce the volume 

of polymer as much as possible so the amount of heat generated could be minimized.  In 

this proposed system, a unique method is introduced: Special fiber.  By using the special 

fibers with cladding diameter of 80 µm and 175 µm, the polymer substrate diameter did 

not have to be increased or decreased in order to have a different configuration of 

specimen.  Fabrication or usage of the special fiber for FBG sensors was a new approach.  

Typically, 125 µm cladding diameter fibers were used for FBG sensor systems.  

Fabrication of FBG on the special fiber was a challenge, but it was successfully applied.  

The FBG was fabricated with same procedure on the special 80µm and 175 µm cladding 

diameter fibers that have same material and optical properties as the regular, 125µm, 

cladding diameter fibers. 
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Figure 11. Intrinsic BW data of FBG’s on (a) 125µm cladding diameter fibers and  

(b) 80 µm and 175µm cladding diameter fibers 
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The Figure 11 shows peak values recorded as temperature changed for 125 µm 

cladding diameter FBG sensors in (a) and special fibers with 80 µm and 175 µm cladding 

diameters FBG sensors in (b).  The three 125 µm diameter sensors showed very stable 

and consistent response as temperature changed.  FBG on special fibers also showed 

stable response with slight deviations. Such deviation does not mean that the performance 

of the FBG on special fiber is poor, but it means that these fibers may have slightly 

different intrinsic properties from one another.   

After successfully fabricating FBG sensors on the special fibers, these were 

embedded in the polymer substrate to develop combination of different configurations.  

Previously two configurations shared same dimension of the optical fiber with different 

diameter of the polymer substrate.  In this proposed system, the diameter of the polymer 

substrate remains constant, but two different optical fibers are used: 175µm and 80µm 

cladding diameter fibers.   

System Fiber Diameter (μm) Polymer Diameter (mm) Configuration (β) 

Previous 
125 5 40X 

125 2.5 20X 

Proposed 

175 3.175 (=1/8”) 18.14X 

80 3.175 (=1/8”) 39.7X 

Table 1: Specimen Configurations of the Previous and Proposed Systems 
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Figure 12. Specimen Configurations with Different Fiber Diameter 

The Table 1 shows how two configurations can be obtained with different 

combinations of fibers and polymer substrate dimensions.  The most advantageous reason 

of using smaller diameter fiber (80µm) is that bigger configuration like 40X can be 

attained with small volume of polymer (3.175mm diameter) which will generate less heat.  

The heat will still be generated during polymerization however, two configurations will 

contain same amount of heat being generated since they have the same volume of 

polymer. 

4.2 Conduction Heater as Heating Source 

In order to affectively control temperature of the system, the convection oven was 

replaced with conduction heater.  Conduction heater can provide higher heating/cooling 

rate when using highly conductive metal parts, whereas convection oven uses air to 

heat/cool specimen.  A conduction heater and its controller shown in Figure 13 with the 
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specifications in Table 2 were selected to provide high heating rate, temperature 

uniformity and precise temperature controllability. 

 

(a) 

 

(b) 

Figure 13. (a) Conduction Heater and (b) Controller 

Heating rate 120°C/min 

Temperature overshoot < 0.3°C 

Temperature resolution <0.001°C 

High temperature limit 300°C 
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Heating surface area 10cm x 10cm 
Table 2. Specifications of Conduction Heater 

With the specified heater, designed system was modeled and was analyzed to 

demonstrate its temperature behavior as the results are shown below.  The temperature 

analysis was also used for optimization of the metal mold designs by running the models 

with different dimensions of the metal molds in order to find the most optimized size and 

dimensions of the system.  Both transient and steady state analysis were conducted using 

ANSYS Icepak software.   

 

0 20 40 60 80 100 120 140 160 180 200 220

20

40

60

80

100

120

140

160

 

 

T
e

m
p

e
ra

tu
re

 (
o
C

)

Time (sec)

 T_Epoxy_Bottom

 T_Epoxy_Center

 T_Epoxy_Top

 

(a) 

 



32 

 

(b) 

Figure 14. (a) Transient Temperature Analysis Result of the Proposed System,  

(b) temperature analysis figure 

The transient temperature analysis illustrates three different temperature curves of 

the temperature at the center of polymer, at the bottom of polymer and at the top of 

polymer as shown above.  During the heating, the temperature gradient is present 

however, it quickly dies out as it approaches the targeted temperature.  Even though the 

heater has a heating capacity of 120°C/min, when the metal molds were mounted on top 

of the heating surface, the maximum heating rate dropped to about 60°C due to addition 

of thermal mass.   

Steady-State 

T_Bottom_Mold 147.965 

T_Top_Mold 147.466 

∆T_Mold_Top/Bottom 0.499 

T_Epoxy_Bottom 147.851 

T_Epoxy_Top 147.604 

∆T_Epoxy_Top/Bottom 0.247 
Table 3. Steady State Temperature Analysis Result of the Proposed System 

The steady state temperature analysis was conducted assuming there is no heat 

generation within polymer substrate in order to see how the conduction heater and the 

metal molds will be stabilized at the steady state.  The result showed that the maximum 

temperature gradient within the polymer substrate will be less than 0.3°C and the 

temperature different between the center of the bottom mold and at the center of the top 

mold will be less than 0.5°C which means that the temperature distribution of the entire 

system will be very uniform with the optimized design and the conduction heating source.   
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4.3 Design Requirements of the Proposed System 

Since the main heating source was completely changed from convection oven to 

conduction heater, the entire design of the system including metal molds had to be 

changed.  Basic concept of the proposed design is illustrated below in Figure 15.  Two 

different size fibers should be embedded inside polymer that cures inside silicone rubber 

tubes heated within metal molds.  In this section, the new design will be proposed with 

some design challenges and their resolutions.   

 

Figure 15. Basic concept of the proposed design 

The purpose of the system is to make a system that can (1) form and cure 

cylindrical shape of polymer with 15mm length, (2) reach temperature stabilization of the 

specimen as fast as possible with temperature gradient smaller than 1 degree within 

polymer substrate, (3) align fiber in the center of the polymer substrate without 

constraining the fiber, and (4) physically not constrain the polymer from expanding or 

shrinking.  The main components of the design include heating surface, heater frame, 

fiber alignment, metal molds, polymer, and fiber.  Since two specimens were to be tested 

simultaneously, the metal molds had to have two same exact set ups for two specimens.  
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For fiber alignment, standard V-groove fiber holders were used.  These fiber holders are 

designed to precisely hold and align fibers with magnetic clamps, and were attached to 

the frame of the heater so the fibers could be aligned and maintained with the system.  

Metal molds were to be attached to the heating surface directly.  The figure below 

illustrates the basic requirements of this system, and more details were added as the 

system was designed based on these requirements.   

 

Figure 16. Detailed concept of the proposed design 

 

4.4 Design Specifications of the Proposed System 

The metal molds were to be designed to incorporate all the requirements 

described above, which are repeated below: 

(1) Specimen configuration: Polymer substrate outer diameter of 1/8” 

(2) Temperature stabilization and distribution 

(3) Fiber alignment 

(4) No mechanical constrain on fiber and polymer substrate 

An illustration of the proposed design is shown in Figure 17 below. 
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Figure 17. Design illustration of proposed system 

(1) Specimen configuration: In order to fabricate the desired specimen 

configuration, a silicone rubber tube was used.  The inner diameter of the tube is 1/8” and 

the outer diameter is 1/4 inches, which gives thickness of the tube to be 1/16 inches.  

Since the uncured polymer is mostly in the state of liquid at working temperature 

(viscous at room temperature), the tube should be blocked on the end in order to keep the 

liquid in form.  The system was to be rotated at a certain angle and only one end of the 

tube was required to be blocked.  This tube was embedded inside metal molds.   

 (2) Temperature stabilization and distribution: Since the heating source was 

changed from convection oven to conduction heater, the molds were designed to meet the 

temperature requirements.  In order to allow fast heat transfer from the heating surface to 

the specimen, the tube was embedded inside metal molds that were directly sitting on top 

of the heating surface.  Material Aluminum was chosen based on its low material and 

manufacturing cost and good thermal properties.  There was another important aspect of 

heat transfer within the system: contact resistance.  Contact resistance can be reduced by 

simply using high conductive thermal grease between surfaces in contact.  The thermal 

grease was applied on every surface of physical contacts between the heating surface, 
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metal molds, silicone rubber tube, etc.  The distance between the heating surface and the 

specimen was kept as low as possible in order to make sure heat is transferred as fast as 

possible to the specimen.  As discussed in the previous chapter, temperature analysis was 

conducted using ANYSIS Icepak software in order to optimize some designs and 

dimensions of the metal molds.  Finalized design of the metal molds that hold the silicone 

rubber tubes are shown below in Figure 18 (a) - (c).    

 

(a) 

 

(b) 
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(c) 

Figure 18. Optimized metal mold designs (a) Bottom mold, (b) Top mold, and (c) Bottom 

and Top mold assembly 

The two channels on the sides are the places where the silicone rubber tubes sit in after 

thermal grease is applied over all surfaces in contact with another part.   

 (3) Fiber alignment: It is very important that the fiber is aligned at the center of 

the polymer substrate as accurate as possible.  In order to ensure the location of the fiber, 

v-groove fiber holders were used.  The mold is also designed so that it is aligned with the 

fiber holders when assembled to the heating surface.  When the fiber is fixed on the fiber 

holder, the fiber should be located at the center of the tube, or the center of the polymer 

substrate.   
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(a) 

 

(b) 

Figure 19. Fiber alignment system of the proposed system; (a) fiber holders assembled on 

fiber alignment fixture with bottom mold, and (b) top mold assembled to (a) 

As illustrated above in Figure 19, the fiber holders are aligned precisely with the silicone 

rubber tubes that are inside the metal molds.  These v-groove fiber holders are designed 

to align and hold optical fibers.   

(4) Mechanical constrain on fiber and polymer: There should be no constrain on 

the fiber and the polymer during curing because they both needs to be free from the 
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environment in order to measure the strain due to chemical shrinkage during curing.  The 

fiber constrain could come from two sources: fiber holder and RTV of the tube on one 

end.   

It is very important that the fiber is not constrained while it is perfectly aligned.  

In order to make sure the fiber maintains alignment, it should be securely aligned on the 

fiber holder.  However, the magnet clamp or a piece of tape would constrain the fiber and 

it can affect the BW measurement while shrinkage happens during curing.  This was 

tested in many different ways and the best way to resolve this problem turned out to be to 

use thick grease to hold the fiber on the fiber holder with a thin piece of tape over it.   

As shown in Figure 17, on the side where RTV is cured, the fiber should also not 

be constrained.  A low modulus RTV was selected and a small amount, about 0.1” thick, 

was cured to block one end of the tube.  This RTV had modulus that was low enough not 

to constrain fiber.  However, it was very important that when blocking the bottom end, 

whatever it was that was used to block the tube could not exert force or grab fiber for the 

same reason.  The solution was to use a low modulus RTV to block the bottom end.   

 After one end of fiber was aligned with cured RTV and the other end was aligned 

and fixed with grease and tape, a simple temperature test was conducted to with the FBG 

sensor in order to examine the presence of constrain on the fiber.  As shown below, the 

fiber was held at the top with grease and tape on the fiber holder, and the other end was 

aligned and fixed with low modulus RTV.  The system was first heated to a high 

temperature.  As high temperature the fiber was pulled from the top in order to ensure it 

is maintained straight.  After pulled, the BW value went back down to its intrinsic BW 

value at that particular temperature.  Then the system was cooled down to room 
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temperature in order to see whether the fiber can shrink as much as it wants to, due to 

CTE of the fiber, even when it is fixed at one end with grease and tape and the other end 

with the low modulus RTV.  As shown below, the BW value of the fiber followed its 

intrinsic property and therefore proved that the grease and tape, and the RTV do not 

constrain the fiber.   

It is also critical to remove or minimize the source of constrain on the polymer 

substrate itself, because as the polymer cures, it should be free to shrink in order to 

accurately measure its total chemical shrinkage during curing.  The silicone rubber tube 

acted as a release/separating agent between the polymer and the metal surfaces.  It is a 

well-known fact that the polymer does not adhere to the silicone rubber surface during 

and after curing.  This particular silicone rubber tube was also used in Wang’s approach 

and was proven that the polymer does not get constrained by this tube with its thickness.  

Thickness of the tube was also important.  If too thin, the shrinkage of polymer was 

constrained.  If too thick, the release agent layer acted like a heat insulator and was not 

helpful for this system.   

Another important issue was bubble within the specimen.  Underfill material is 

usually very viscous at room temperature.  During injection it is very easy to introduce 

bubble inside the tube.  Since the dimension of the specimen was already small, even a 

tiny bubble could have been a bigger problem, especially when it ends up forming near 

the grating area.  In order to minimize air bubble inside the specimen, the polymer was to 

be pre-heated at around 50°C before the injection, as well as the entire system.  This way, 

bubble formation was minimized and therefore reduced errors during property 
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measurement.  With all the design specifications mentioned above, the final design was 

developed as shown below.   

 

(a) 
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(b) 

 

(c) 

Figure 20. Final proposed design; (a) Machine design of overall structure, (b) Machine 

design close-up, and (c) Machined parts assembled 

Figure 20 (a) represents the machine drawing of overall structure that was designed for 

the proposed system.  In Figure 20 (b), it shows the entire system with everything 

assembled.  A thick insulation rubber layer was adhered to the top surface of the top 

metal mold that was also optimized in thermal analysis to decrease temperature 

distribution through thickness or to enhance temperature uniformity.  The Figure 20 (c) 

illustrates the actual designed system where everything is assembled in place.  The RTD 

sensor is embedded on the top mold in order to monitor the temperature of the top mold.   

Chapter 5. Implementation/ Experiment Procedure 

In this chapter, the experimental and analysis procedures of measuring curing 

evolution properties will be explained with details.   
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(1) As discussed in the previous chapter, the specimen was fabricated using metal 

molds and conduction heater.  The metal molds were assembled using thermal 

grease on surfaces that are in contact with other parts as shown below in 

Figure 21.  The molds include two sets of channels for two specimens, C-1 

and C-2, when assembled together.  Two pieces of the silicone rubber tube 

(inner diameter of the tube is 1/8” and outer diameter is ¼”) were cut to given 

size then were inserted inside the metal mold.  Thermal grease was also 

applied between the outer surface of the tubes and the metal molds. 

 

Figure 21. Assembled metal molds and silicone rubber tube 

(2) After everything was assembled, the fibers were aligned with RTV as shown 

below in Figure 22.  The RTV was cured at high temperature, because it cures 

faster, then the heater was set to a temperature of 50°C.  The polymer was also 

preheated at the same temperature before the injection.  The fibers were 

securely aligned and fixed at the fiber holder using grease and tape as 

described before.   
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Figure 22. Fiber alignment using RTV 

(3) As shown in Figure 23, the system was tilted about 30° because only one end 

of the tube was blocked with RTV.  After everything was pre-heated at 50°C, 

the polymer was injected from the bottom, where the RTV was cured.  Pre-

heated polymer was injected using a syringe very slowly to make sure no air 

bubble is introduced within the specimen in both tubes.   

 

Figure 23. Injection of polymer in tilted system 

(4) After the preheated polymer was injected in the tubes so the specimen length 

was 15mm, the system was heated to the curing temperature of polymer.  The 

BW data was recorded starting this point.   

(5) After the temperature seemed to be stabilized, i.e. the BW peak data seemed 

to flatten out, the fiber was pulled with hand from the opposite end of RTV to 

ensure fiber alignment.  After the temperature stabilized, as chemical 

shrinkage starts to occur, the BW peak data began to drop.  As the curing 

proceeds, the BW will continue to drop until the curing has finished.  When 

BW shows no more decrease than about 10pm for 5 minutes, it can be 

considered that the curing has completed and the measuring can be stopped.   
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Chapter 6. Results and Discussion 

6.1 Temperature Profile of the Proposed System  

After the proposed method was implemented, temperature of uncured polymer 

was monitored and documented during the polymerization in order to understand the 

temperature profile of the polymer substrate and to compare to the previous method that 

uses the convection oven.  The results are shown below in Figure 24. 
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Figure 24. Temperature profile of polymer during polymerization in (a) 

Convection oven and (b) Conduction heater 

As uncured polymer was injected inside the silicone rubber tubes, thermocouple was 

embedded in the center of polymer in order to accurately measure the temperature data of 

polymer substrate in each case.  The temperature data for both cases in Figure 24 (a) and 

(b) are summarized in the Table 4 below.   

Heating 

Source 
Specimen 

Configuration Overshoot Stabilization 

time after peak 

Convection 

Oven 
20x 1°C 25min 

32x 3°C 25min 

Conduction 

Heater 25.4x 1.6°C 8min 

Table 4. Summary of temperature profile comparison in Figure 24 

Underfill material was tested using two different heating sources in order to see 

how temperature response is different from each other.  In the case where the convection 
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oven was used, the uncured polymer was placed inside the silicone rubber tube and was 

heated to its curing temperature as the temperature of the polymer and the air inside the 

oven were recorded.  Two specimens were tested in this case: 20x and 32x.  20x 

specimen showed about 1°C of overshoot and the 32x specimen showed about 3°C of 

overshoot after heated.  After reaching its peak, the temperature stabilized very slowly 

and reached equilibrium about 25 minutes after the temperature has reached its peak.   

 In case of the proposed method, where conduction heater and the optimized metal 

molds were used, specimen size of 25.4x was used, which is approximately in the middle 

of the 20x and 32x specimen configurations.  The 25.4x specimen showed about 1.6°C of 

overshoot, which is also in between the values of temperature overshoot of 20x and 32x 

cases.  After the temperature reached its peak value, it stabilized much faster than the 

case of convection.  It only took about 8 minutes for the temperature of the polymer to 

stabilize inside the metal mold, which is a significant progress.  Decreasing volume of 

polymer substrate will decrease the amount of temperature overshoot, and using the 

conduction heater as heating source will provide much faster heating rate as well as 

temperature stabilization.  This can effectively eliminate problems associated with heat 

generation of polymer during polymerization.   

6.2 BW Data for Two Configurations 

After the proposed method was implemented, the BW data for both configurations 

was obtained during polymerization.  The plot below contains two 25.4x configurations 

with lengths 30mm and 15mm.   
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Figure 25. BW Shift data of 25.4x UF-2 specimens with 30mm and 15mm lengths 

This plot clearly shows improvement that has been implemented after the length was 

shortened to 15mm, which is 3 times longer than that of the length of Bragg grating 

(5mm).  The BW shift data of shorter length specimen shows smooth trend as oppose to 

the specimen of 30mm length.  Since 15mm length specimen has much less friction effect 

than that of 30mm length specimen, there was almost no physical constrain that could 

possibly come from the friction force on the outer surface of the polymer.   

Proposed system was implemented using underfill material UF-2 with special 

fibers of diameter 80 μm and 175 μm. The raw BW data of the two configurations are 

plotted.   
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Figure 26. (a) Raw BW data of two UF-2 specimens recorded during polymerization (b) 

First 55 minutes after heating started 
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The Figure 26 (a) shows the entire raw BW data for both configurations.  In 

Figure 26 (b), the temperature reached the curing temperature of 175°C within 5 minutes 

after heating started, and stabilized quickly.  (The heating started when t=10min). Some 

peaks and disturbance of BW shown at t=15min are signs of pulling fiber manually for 

alignment purpose as described in the previous chapter.  Ignoring these peaks, it can be 

observed that the temperature control of this system successfully stabilized the 

temperature of the specimen before the apparent gelation point.   

6.3 Gelation Point Determination and Deformed BW Data 

After the raw data was obtained, it can be analyzed to calculate effective chemical 

shrinkage and modulus evolution during curing using the software MATLAB.  Data for 

both configurations, C-1 and C-2, are loaded in the MATLAB program and plotted as 

shown below in Figure 27.   

 

(a) 
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(b) 

Figure 27. (a) Raw BW data loaded for both configurations C-1 and C-2, (b) 

Determination of gelation point for both configurations 

Gelation point for both BW data is determined as the inflection point, or the 

interception of the two lines, one plateau area and one after BW starts to drop.  After 

gelation point is determined, the data is re-plotted in order to show the deformed BW data, 

or the BW shift data, by subtracting the BW value at the plateau area.  The BW shift data 

will only show BW change due to deformation of FBG induced by curing polymer.  After 

the data is formatted, the formatted data for both configurations will be plotted as shown 

below in Figure 28.  The formatted data is then smoothed and fitted to a functional form 

for the next step. 



52 

 

0 50 100 150 200 250 300 350

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

B
W

_
d

 (
n

m
)

Eff. Time (min)

 BW_d_39.7x

 BW_d_18.14x

 

(a) 

 

(b) 

Figure 28. (a) Deformed BW data of both configurations, C-1 (125um FBG) and C-2 

(80um FBG), (b) Fitted data 
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6.4 Step Size Input and Calculations of Effective Chemical 

Shrinkage and Modulus Evolutions 

 After the raw data has been formatted to deformed BW data as shown above in 

Figure 28, the data is then analyzed to calculate curing evolution properties of polymer.  

First the raw data is fitted in MATLAB using the curve fitting toolbox.  After fitted, the 

data is analyzed following Wang’s procedure where they are first divided with a constant 

“BW step-size”.  This number is defined by the user, depending on how many number of 

points the user wants to see in the calculation.  In this case, step size of 10pm was 

selected and the calculation results are shown below. 
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(b) 

Figure 29. Evolution properties of UF-2 (1) effective chemical shrinkage, and (2) 

modulus 

The results show that the effective chemical shrinkage of UF-2 material evolves 

to the value of about 0.36% and the modulus of the polymer evolves to the value of about 

148MPa during the polymerization. 

Chapter 7. Conclusions 

An advanced measurement technique based on fiber Bragg grating (FBG) sensor 

was proposed to measure critical properties of polymeric material during polymerization: 

effective chemical shrinkage and modulus evolutions.  The existing technique proposed 

by Yong Wang, University of Maryland, that established this method was closely 

investigated especially in the implementation stage then modifications and improvements 
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were made to overcome the challenges and difficulties associated with the existing 

system.  

The proposed method enhances the measurement by reducing exothermic heat 

generated during polymerization and improving temperature stabilization which can lead 

to clear determination of gelation point of both specimens cured simultaneously.  In order 

to reduce exothermic heat being generated during polymerization special fibers were used 

to fabricate Fiber Bragg Grating.  Using these special fibers two configurations were 

created using same polymer dimension.  Temperature stabilization was enhanced by 

changing heating source from convection chamber to conduction heater, which provided 

high heating rate and precise temperature stabilization.  The newly designed system was 

optimized based on changes made in order to ensure fiber alignment, temperature 

stabilization and distribution, and no mechanical constrain applied to the specimen during 

measurement.  The proposed method was implemented using an underfill material which 

had 0.36% total effective chemical shrinkage and evolution of modulus to final value of 

148MPa.   

This technique can now be used to measure critical properties of polymers with 

high polymerization exothermic heat.  It can also be used further to characterize other 

material properties of polymeric materials such as CTE and viscoelastic properties.  This 

way this technique can potentially provide all material properties of interest to packaging 

engineers including Coefficient of Thermal Expansion and viscoelastic properties with 

just two specimens.   
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This technique can also be implemented in industry where characterization of 

polymeric materials is highly desired.  The proposed technique is optimized and designed 

to be routinely performed by technicians while fulfilling the purpose of this technique.   
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Appendix 

A. Analytical solution of the stress fields within the FBG [12] 

The fiber is assumed to be a solid cylinder with outer radius a, while the substrate 

has inner radius a and outer radius b.  The subscripts, “f” and “s” are used to identify the 

fiber and substrate parameters, respectively.  The general elastic solution can be 

expressed as: 
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In the loading condition of the piecewise constant temperature distribution, 
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The general solution given from (A-1) to (A-4) are reduced to 
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