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Viscoelasticity is an effect seen in a wide range of materials and it affects the reliability of static measurements 
made using Fiber Bragg Grating-based sensors, because either the target structure, the adhesive used, or the fiber 
itself could be viscoelastic. The effect of viscoelasticity on FBG-based sensing has been comprehensively researched 
through theoretical analysis and simulation using a finite-element approach and a further data processing method 
to reconstruct the graphical data has been developed. An integrated sensor package comprising of an FBG-based 
sensor in a polymer host and manufactured by using three-dimensional printing was investigated and examined 
through tensile testing to validate the approach. The application of the 3D-printed FBG-based sensor package, 
coupled to the data process method has been explored to monitor the height of a railway pantograph, a critical 
measurement requirement to monitor elongation, employing a method that can be used in the presence of 
electromagnetic interference. The results show that the effect of viscoelasticity can be effectively eliminated, and 
the graphical system response allows results that are sufficiently precise for field use to be generated. © 2019 
Optical Society of America 

http://dx.doi.org/10.1364/AO.99.099999 

1. INTRODUCTION In recent decades, Fiber Bragg Grating (FBG)-based sensors have been introduced and are now widely used as an alternative to conventional strain gages and thermocouples because of their advantageous characteristics such as high sensitivity, immunity to electromagnetic interference (EMI), small size and being lightweight. Taking advantage of this, they have been used in various industrial sectors, significantly to enhance sensing performance over the use of conventional methods [1,2]. However, FBG sensors do show shortcomings due to their limited elastic elongation and low fracture durability, as a result of which FBG-based sensors can neither measure large elongations nor withstand some tougher test environments. To address these issues, appropriate sensor packaging technology that integrates the FBG-based sensors into suitable host material structures has been introduced and researched. Typical host materials are metals [3] and concrete [4], for example. Besides using conventional methods for such sensor installation, such as gluing the fiber in which the FBG is written on a structural 

surface [5] or embedding into a structure itself [6-8], using three-dimensional (3D) printing technology offers a new and promising way to meet the critical integration requirements of better FBG-based sensors. 3D printing can be used precisely to stack the melted 3D filament, layer-by-layer, under the control of a computer to achieve the final structure. Thus, FBG-based sensors can be easily embedded into customized components that may have complex geometric shapes and thus designed to suit particular applications. Among the variety of materials that can be used in 3D-printing technology, polymers are widely accepted because they can melt and solidify quickly. However, its use also induces a side-effect which typically results in errors in testing and evaluation i.e. the results of such tests can vary over time due to viscoelasticity in the materials [9,10]. Arising from this inevitable effect, polymer structures (and not limited to 3D-printing) show a creep phenomenon under constant stress or stress relaxation under constant strain. Consequently, the measurand determined in this way from an integrated FBG-based sensor shows non-negligible errors and thus an improved performance. 



The viscoelastic effect exists not only in the 3D-printing of suitably packaged FBG-based sensors, but also the problem is evident in polymer optical fiber (POF) and adhesive glued FBG sensors. When the strain measured by the sensor written into a POF is larger than 2%, the Bragg wavelength shift in the fiber becomes time-dependent [11], due to a noticeable viscoelastic effect. Similarly, surface-bonded FBGs using a high viscoelastic bonding layer also lead to a low measurement accuracy [12]. The issue becomes more significant in 3D-printed FBG sensing packages because of the large polymer volume used and the disadvantageous fiber-to-polymer ratio. Multiple reports of measurements using 3D-printed sensing packages can be seen with a linearity elastic range in which the Bragg wavelength shift is quasi-linearly related to the strain [8,10]. These reports regularly do not fully explore the potential of measurements of larger strains by using 3D-printed sensing packages. Therefore, finding a way to solve the problem of errors created in such measurements due to viscoelastic effects that are seen to limit the precision of the result of applying the sensor is of real importance for the industrial community depending on the reliability of such measurements. In this work, this problem is tackled and a comprehensive investigation of the viscoelastic effect on an optical fiber sensor mounted in a 3D-printed sensing package was undertaken. Here, Section 2 introduces the appropriate underpinning theory for 3 common conditions of the viscoelastic effect of FBG-based sensors. In Sections 3 and 4, a special dumbbell-shaped 3D-printed FBG-based packaged sensor is employed to validate the existence and nature of the viscoelastic effect with finite-element analysis and a tensile test, respectively carried out. In Section 5, a curve reconstruction approach, based on deconvolution is proposed and validated to allow a more effective interpretation of the core measurement data, which is not evident from the raw data. To validate this in an application which is important for industry, this sensing technique and the data processing algorithm are applied to displacement measurements made on a railway pantograph, to allow real-time height monitoring, as discussed in Section 6. 
2. Theoretical Background 

A. Linear Viscoelasticity Viscoelasticity is a mechanical phenomenon in which the material properties are known to vary with time and temperature. The reasonable assumption is made that the mechanical properties of the polymer are temperature-independent because the service temperature of the sensing package is usually much lower than its glass transition temperature [13]. In addition, the linear viscoelasticity exhibited by polymers when the deformation is relatively small or in the early stages of large deformation is sufficiently precise to allow the mechanical responses of the POF [9,11], the adhesive [12] and the host material integrated with the FBG [10]. According to the Boltzmann superposition principle [14], the smooth strain history varies over time, which can be expressed through a definition of the integral, 
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TABLE 1.  NOMENCLATURE 
Symbol Parameters 
Σ Stress 
Ε Strain 
E Material moduli 
G Shear moduli of the material 
J Shear creep compliance of the material 
T Time 
Τ Relaxation time. 
R The Outer radial coordinate of the model 
X The longitudinal coordinate of the model 
D The width of the bonded FBG 
H The thickness of the adhesive interlayer 
L Length of the bonded FBG 
Y Effective relaxation modulus 

,ξ λ   Eigenvalues utilized in Laplace domain Subscripts c, p, a, h represent fiber, coating, adhesive and host layer, respectively. Subscript ∞ represents the long-term modulus, and the subscript i, n represents the element number and the total number of the spring-dashpot element, respectively. 
B. Viscoelastic Effect on POF The viscoelasticity in the POF is simple and straightforward because the whole sensing material that is the POF itself is isotropic and uniform. Large [11] has researched viscoelasticity in POFs using experimental methods. Through a strain-recovery test and a stress relaxation test, the stress relaxation and the strain creep of the POF was investigated, which, significantly, proved the existence of sensing errors induced by viscoelasticity, in polymer-based optical fiber sensors. 
C. Viscoelastic effect on surface-boned FBGs 

 Fig. 1.  Diagram of surface-bonded FBG: (a) schematic diagram and cross-section diagram, (b) displacement and stress analysis diagram. 



The phenomenon becomes more complex when gluing a conventional silicon fiber onto an elastic host, as shown schematically in Fig. 1. The fiber and the host in this model are elastic, while the adhesive is linear viscoelastic. When the host is subjected to axial stress and undergoes a uniform strain, the fiber and adhesive are subjected to shear stress because they are glued tightly, that is without there being any slip between their interfaces. Using two reasonable assumptions that the strain gradients on the FBG and the bonding adhesive are of the same magnitude and the strain at the ends of the fiber and at the adhesive layer each are zero [12,18], the strain-transference function of the surface-bonded FBG sensors in the Laplace domain can be presented as follows: 
( ) ( )

( ) ( )
cosh

, 1 ,
cosh 2c h

x
x s x s

L

ξ
ε ε

ξ

 
 = − ⋅
  


 

   (4a) 

( ) ( ) ( )
2

21
4 4

p p c p c p c
a

p

r D r E h r r r E
s J s

D G
π

ξ
+ +

= ⋅ ⋅ +


 (4b) where ( ),c x sε , ( ),h x sε  represents the Laplace transformed strain on the optical fiber and the host material, respectively. In formula 4(b), the constant ξ is a function dependent on the creep compliance and geometric factor of each layer. Due to the viscoelastic function of the adhesive, ( )aJ s that is transformed from ( )aJ t  represents the shear creep compliance in the Laplace domain. Thus, the strain on the FBG along the axial direction can be obtained by using the inverse Laplace transform. 
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where -1  represents the inverse Laplace transform. 
D. Viscoelastic effect on the sensing packages Another widely existing condition is that where the polymer package is integrated with the FBG sensor. Fig. 2 depicts a simplified cylinder model of an FBG embedded into a viscoelastic package. Based on previous research [10,18], the strain-transferring function of the embedded FBG in the Laplace domain can be presented as  
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Similarly, ( ),c x sε  and ( )0,h sε respectively represent the strain on the FBG sensor and the middle point strain in the host. Besides, λ  is an eigenvalue dependent on both geometrical factors and material parameters. The strain on the FBG along the axial direction can be expressed in the time domain as 
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  (7) The strain transferance functions of the embedded and surface-bonded FBGs, i.e., Eq. 7 and 5, are different, this mainly being caused by the different assumptions and boundary conditions utilized in the models [18]. However, the strain on the fibers always is expressed by a 

convolution of the strain on the packaging material and a strain transfer coefficient. 

 Fig. 2.  Concentric cylinder model of 3D-printing FBG sensing package: (a) schematic diagram along axial direction, (c) displacement and stress analysis diagram. 
E. Discussion of viscoelastic effect To clearly analyze the viscoelastic effect in the FBG-integrated sensors, an analytical discussion on the bonded FBG sensor is discussed in detail. When a step load is subjected to the bonded FBG sensing system, the host strain in Eq. 5 can be expressed as 

( ) ( ), ( )h hx t x H tε ε= ⋅    (8) where ( )H t  is a step function, 
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( ),x tγ , defined as the creep transfer coefficient, can be written as 
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Since the right-hand part of the Eq. 12 is hard to solve with the inverse Laplace transform, the exponential function (Eq. 13) associated with a least-squares-curve-fitting method was employed to calculate the strain transfer coefficient in the time domain. 
t
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= + ⋅    (13) Fig. 3 depicts the variation of the strain transfer coefficients versus longitudinal coordinates at a different time, that is calculated with the parameter listed in Table 2. Curves with different colors represent the strain transfer coefficient at 0, 100, 200, 300, 400, and 500 s, illustrating the decrease of the strain transfer coefficient because of the viscoelasticity of the adhesive. Although the position near to the center part has a relatively uniform strain transfer coefficient, it varies significantly near to the ends of the bonding part, which is the well-known shear-lag effect [19,20]. In actual applications, the FBG usually 



locates near to the center, leading to Bragg wavelength shifts under a uniform strain, rather than to allow spectrum distortion. The Bragg wavelength shift can be related approximately to the average strain transfer coefficient.  
TABLE 2.  Values of Each Parameter used 

Symbol Values Units  
Ec 72 GPa 
Gp 0.4 GPa 
Ga1 1.1429 GPa 
Ga2 0.02 GPa 
η2 58.82 GPa·s 
L 20 Mm 
rc 62.5 Um 
rp 125 Um 
ra 250 Um  

 Fig. 3.  The strain transfer coefficient of bonded FBG.  Moreover, because Eq. 5 and 7 are efficient ways to predict the strain transfer from the host material to the FBG, albeit with a different format, a consistent expression for the transferred strain can be given in the Stieltjes convolution form: 
( ) ( ), ( , ) ,c hx t Y x t x tε ε= ∗    (14) where ( ),Y x t  represents the effective relaxation modulus, which depends on the viscoelastic modulus and the geometrical factions of the polymer and adhesive that utilized during the setting of the FBG. Although ( ),Y x t  can be directly calculated if the viscoelasticity of the polymer material and the geometric information on the packaged structure is known, its value obtained from this idealized method is influenced by the resolution of the 3D printer and the extent of the manufacturing error that occurs. Another efficient method for obtaining the effective viscoelastic modulus by using the stress relaxation test is introduced in Sections 5 and 6. 

3. Finite Element Analysis For further exploring the viscoelastic effect on the FBG integrated 3D-printing sensing component, a finite-element analysis of the uniaxial tensile test was executed using ABAQUS. A 3D model of the dumbbell specimen test was created according to ISO 527-1&2. In the model, an embedded FBG was simplified to be represented as a column with a length of 20 mm and a diameter of 250 µm. The dimensions of the model are depicted in Fig. 4(a), and an encastre boundary condition was applied to the left-hand end, whereas a step function displacement was applied to the right-hand end. The whole 

model was meshed into 41736 hybrid 3D continuum elements (C3D8H). Then, a “visco” step (special analysis step setting for viscoelasticity in ABAQUS) was created for the one-dimensional tension test of the polymer.  The packaging material was a thermoplastic polyurethane (TPU), and its viscoelastic modulus was obtained by using an experimental measurement method introduced later (in Section 4.3). A control model assuming that the TPU is purely elastic was also investigated. The optical fiber had a Young’s modulus of 72 GPa and a Poisson’s ratio of 0.21 [4,21].  

 Fig. 4. Geometric model of the specimen: (a) geometry of the dumbbell specimen, (b) dumbbell sensing component integrated with the FBG, and (c) enlarged view of the 3D-printing sensing specimen showing the embedded optical fiber sensor.  

 Fig. 5.  Strain contours on FBG: (a) geometry model, (b) strain contours of the elastic case, and (c) strain contours of the viscoelastic case.  

 Fig. 6.  Strain variation along the fiber direction. Figure 5 shows the results of the simulation. Figure 5(b) and (c) show a comparison of the elastic and viscoelastic phenomena on the 



right-half of the FBG. At the beginning of the experiment, the strain along the fiber direction was almost the same, because the stress within the polymer exhibited a barely visible relaxation phenomenon in a short time. Then, unlike the constant stress situation applied to the FBG shown in Fig. 5(b), the stress applied to the FBG decreased over time because of the relaxation of the polymer package that induced strain fading on the FBG, as shown in Fig. 5(c). One element in the center of the FBG was selected as the monitoring point to study the strain variation (the Bragg wavelength shift) on the FBG, as shown in Fig. 5(a). The strain curves on the FBG embedded in the elastic and viscoelastic hosts are shown in Fig. 6, these corresponding to the contour of the strain. Results from a Finite Element Analysis underpin the theoretical explanation of the viscoelastic effect, given in Section 2 and provided an impetus for the following experiments, described below. 
4. Experiments 

A. Fabrication of the test specimen A model with the same geometric shape as was shown in Section 3 was input as the 3D printing fabrication program. The printer (J.H. Tech. Electronic Ltd.; Qubea QD-1) has a nozzle diameter of 0.4 mm, a speed of 2000 mm/min, and uses TPU resin. After the host was fabricated, the FBG sensor (Optounion tech. Ltd.; SMF-28, Bragg wavelength: 1550 nm; FBG length: 10 mm.) was integrated into the center groove of the host with an epoxy adhesive (EPO-TEC, ND353). A 3D printed cap was plugged into the groove, which roughly ensures the amount of adhesive used is consistent at any one time. The adhesive is cured at room temperature for 3 days. Two sensing packages were fabricated for the validation experiments. Fig 4(b) shows a photograph of a typical FBG sensing package, and Fig 4(c) shows the details of the embedded optical fiber sensor. 
B. Tensile test  Fig. 7 shows a schematic diagram of the platform created for the tensile test. A tensile machine (Suns Test Tech. Co. Ltd., UTM5000) was used to create the displacement load. The 3D-printed sensing package embedded with the FBG sensor experienced a step function elongation (0.8 mm) for the relaxation test. A desktop computer with a sampling frequency of 15 Hz recorded the applied load, including the displacement and the force, on the tensile machine. An FBG interrogator (Micron Optics, Si425) with a sampling frequency of 250 Hz, and <0.2-pm resolution, recorded the Bragg wavelength shift.  

 Fig. 7.  Schematic diagram of the test platform. 

 Fig. 8.  Tensile results and Prony series fitting curve. 

Fig. 9.  The viscoelastic effect seen in the experiments carried out. 
C. Viscoelastic of TPU As shown in Fig. 8, the experimental results were pictured using a blue line. The red line is a graph of the four terms Prony series of viscoelasticity calculated with a least-square curve fitting method. Its Young’s modulus is large initially, then it quickly decreases. After approximately 100 s, the rate of strain fading slows down. The stress fading is a typical characteristic of the viscoelasticity of the polymer package. The table in the figure shows the coefficient of the Prony series of the TPU. 
D. Viscoelastic effect test During their service life, sensors may suffer loads with different profiles so that it is necessary to study the viscoelastic effect under a complex loading condition that contains a combination of step loading, quasi-static loading, step unloading, and quasi-static unloading processes. In the experiment, a 0.4 mm displacement was first applied to the sensing package in 5 s, to approximate a step load, followed by another 0.4 mm displacement over the period from 500 s to 750 s to form a quasi-static load. Then, a 0.2 mm and 0.3 mm unloading process was applied on the sensing package at times 5 s and 250 s to approximate the stepped and quasi-static unloading process. The complex loading profile is representative of practical situations and an effective means to study the viscoelastic effect because other different loading profiles can be represented approximately by combining these four loading types. Two specimens were tested under both step loading and complex loading, and the experimental results obtained are depicted in Fig. 9(a) and (b). The black lines are the loading profiles applied to the dumbbell specimens, the blue lines are the FEM results, and the red lines are uniaxial tensile test results of two specimens. Compared with the results of Specimen 2, the relaxation curve of Specimen 1 fits the FEM result well. The difference between these two specimens is likely caused by the different fabrication and the gluing conditions, i.e., their effective viscoelastic moduli are different. In both the step loading and the complex loading considered, the experimental 



results demonstrate the presence of the viscoelastic effect in these 3D-printing sensing specimens fabricated. 
5. Reconstruction Methodology 

A. Algorithm Since the relationship between the Bragg wavelength shift and the overall elongation can be expressed in the form of the Stieltjes convolution, the overall elongation conversely can be obtained from a knowledge of the Bragg wavelength shift and the effective relaxation modulus, by using a newly proposed deconvolution method. The reconstruction process for solving the viscoelastic influence is depicted in Fig. 10. Before its application, an effective relaxation modulus needs to be calibrated by using a uniaxial stress relaxation test. According to Eq. 14 and L Lε = Δ , when the overall elongation 
( )L tΔ  is a stepped load, ( )d L tΔ  will be a Dirac delta function; thus, the strain curve measured from FBG, ( )f tε  becomes proportional to the effective relaxation modulus, and the effective relaxation modulus 

( )Y t  can, therefore, be calculated. Because ( )Y t  is influenced by the geometry and the gluing conditions in a practical application, it is recommended to obtain its value using the experimental method rather than accepting an analytical solution or results from a simulation using the finite element method.  After the calibration, a practical measuring test having a complex loading profile ( )L tΔ  is conducted. In this process, the strain on the FBG ( )f tε  can be measured. ( )Y t  is used in a deconvolution process responding to Eq. 14, combined with ( )f tε  in the measurement test. Therefore, the differential of displacement load ( )d L tΔ  can be calculated. The last step of the reconstruction process is the integral of the results from the latest step, so that the reconstructed overall displacement load ( )L tΔ  can, therefore, be obtained.  

 Fig. 10.  Schematic of the reconstruction process. 
 

 

B. Reconstruction performance Fig. 11 shows the experimental displacement loads (black line), the experimental results of the strains on the FBGs (red lines with square marks), and the reconstruction graphs of the displacement loads (blue lines with circle dots) created through the reconstruction algorithm. Figs. 11(a) and (b) are the results of undertaking the uniaxial relaxation tests on Specimens 1 and 2, under step function loads. Because the effective viscoelastic modulus utilized for the deconvolution is from the test results, the reconstruction results correspond to the loading graphs very well. Figs. 11(c) and (d) depict the reconstruction results from Specimens 1 and 2, under a complex loading profile. The reconstruction graphs agree well with the loading graphs, which proves the accuracy and effectiveness of the reconstruction algorithm. 

 Fig. 11.  Comparison of reconstruction results for specimens 1 and 2. 
6. Application of the 3D FBG Package to Pantograph 
Height Monitoring 

A. 3D FBG package mounted on the pantograph A pantograph is an apparatus mounted on the roof of an electric train to collect power. By pushing a contact against the underside of the electric wire, the train can draw the electric power it needs to run. However, the contact between the pantograph and the electric wire is not always stable under operational conditions, because the train frequently encounters complex traffic conditions and different types of harsh environments. Unfortunately, the important information needed on the height of the pantograph cannot readily be measured, as conventional sensors are affected by electromagnetic interference (EMI) due to the environment. Therefore, sensors for height monitoring, with resistance to EMI, are of real importance to ensure the continuity of the operation and the safety of the train.  This provides an illustrative example of the use of the approach to make an important industrial measurement. Fig. 12(a) shows several typical 3D-printed sensing packages, which allow the integration of the FBG sensors. The manufacturing process was the same as that introduced in Section 4.A. The grooves shown in the components were used for embedding the sensing FBGs where, for example, the geometry of the third design makes it analogous to a spring. A relatively large elongation is possible but limited by the elastic strain limit of the silica optical fiber (that is 1-3%) [22]. The sensing device was installed on the joint of the pantograph, as shown in Fig. 12(b). Fig. 12(c) then shows that the joint can be rotated as the arm of the pantograph is lifted. As a result, the sensor itself is stretched and the height of the pantograph can be determined from a measurement 
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