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Abstract: In recent years there has been considerable interest in utilizing embedded fiber optic 

based sensors for fabricating smart materials. One of the primary motivations is to provide real-

time information on the structural integrity of the material so as to enable proactive actions that 

prevent catastrophic failure. In this preliminary study we have examined the impact of 

embedding on the temperature-dependent response of fiber Bragg gratings (FBG). Our results 

indicate that scaffold strain has a significant impact on the embedded sensor’s temperature 

response. The use of embedded sensors will require the development of in corpus calibration 

techniques.  

                                                           
* Disclaimer:  The views expressed in this article are those of the authors and do not necessarily reflect 
the official policy or position of the Department of the Navy, Army, Department of Defense, nor the U.S. 
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participated in the conception and design of this work, the analysis of data, the writing of the document, 
and the approval of the submission of this version; that the document represents valid work; that if we 
used information derived from another source, we obtained all necessary approvals to use it and made 
appropriate acknowledgements in the document; and that each takes public responsibility for it. 
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1. Introduction 

Structural monitoring of infrastructure is a time-consuming, expensive, and often dangerous 

endeavor that requires human inspectors to make frequent visual observations under challenging 

conditions [1-6]. It is estimated that the United States requires nearly a $1 trillion investment in 

infrastructure upkeep and replacement [7]. Given the size of this challenge, it is not surprising 

that there has been a surge of interest in the development of intelligent materials, i.e., materials 

with embedded sensors that can enable either real-time or on-demand structural health and 

integrity monitoring [5]. In recent years, fiber optic sensors have emerged as a promising 

technology that can be easily embedded into a large structure, creating a low footprint wide-

mesh network that can provide structural integrity information during manufacturing and service, 

effectively replacing the need for frequent visual inspections. An interesting potential application 

is in cure monitoring of composite materials where fiber optic-based sensors utilizing either 

transmission spectroscopy, evanescent wave spectroscopy, refractive index monitoring, or fiber 

Bragg grating (FBG) are employed as temperature/strain sensors [5, 6]. Similarly, FBG can be 

embedded into 3D-printed scaffolds for use in tissue engineering where these sensors would 

provide real-time spatially resolved information on tissue growth. In such applications the small 

footprint of optical sensor is critical as it limits structural perturbations that would compromise 

the measurement objective. 

2.  Measurement Apparatus and Results 

FBG is a narrow band optical filter fabricated using photo-sensitive optical fibers (H2 loaded p-

Ge doped fibers) that are exposed to a spatially varying UV light source such as a deep-UV laser 

based Michelson interferometer [8]. The periodic varying light induces photo-chemical reactions 

which modify the local structure of silica to create a periodic variation in the local refractive 

index that acts like a Bragg grating. The Bragg wavelength is given by 

B = 2neL ,      (1) 

where B is the Bragg wavelength, ne is the effective refractive index, and L is the grating period. 

The wavelength of light resonant with the Bragg period is reflected back, while non-resonant 

wavelengths pass through the grating [8].  

Changes in the surrounding temperature impact the effective grating period by impacting the 

linear thermal expansion of the material, and/or a change in the fiber’s refractive index due to 

temperature (thermo-optic effect), such that 
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where T is the sensor temperature, R is the reference temperature and (𝑇) and (𝑅) are the 

Bragg wavelengths at temperatures T and R, respectively. /L T   is the linear thermal expansion 

of silica, while /n T   is the temperature variation of refractive index. In fused silica, the 

thermo-optic effect is a factor of ten larger than thermal expansion. Existing literature indicates 

the FBG shows a temperature dependent shift of 10 pm/˚C, while the strain response is only on 

the order of 1 pm/ [8-10].  

We have examined the impact on sensor response of embedding sensors into 3D printed 

scaffolds by utilizing a custom built laser-based interrogation system for recording the FBG 

response (Fig. 1). Briefly, a C-band laser (New Focus TLB-6700 series†) is swept over the sensor 

resonance. A small amount of laser power was immediately picked up from the laser output for 

wavelength monitoring (HighFinesse WS/7) while the rest, after passing through the photonic 

device, was detected by a large sensing-area power meter (Newport, model 1936-R). Three 

FBGs (acquired from Smart Fibers and Micron Optics) were used in this study. Two of the 

sensors show grating resonances at 1550.087 nm and 1549.73 nm (sensors 1 and 2), while the 

third sensor shows a resonance at 1552.037 nm. The first two sensors were embedded in a 25 

mm × 25 mm × 10 mm block of a photopolymer (Vero Clear Full Cure 810) fabricated using an 

Objet Connex 500 printer, while the third was embedded in a 1 in acrylonitrile butadiene styrene 

(ABS) cube-like scaffold (75 % infill) fabricated using a Makerbot Replicator 2X machine. The 

photopolymer block was created in two separate parts.  The first part was 5 mm thick with a 0.6 

mm radius channel across the midline of the top surface.   

                                                           
† Disclaimer: Certain equipment or materials are identified in this paper in order to specify the 

experimental procedure adequately. Such identification is not intended to imply endorsement by the 

National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment 

identified are necessarily the best available. 
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Figure 1. a) Schematic of the experimental setup. FBG sensors embedded into 3D printed (b) 

Valero and (c) ABS scaffold d) The process of embedding sensor into 3D printed scaffold is 

illustrated. 

 

Figure 2. (A) FBG show significant blueshift upon being embedded. B) Sensors embedded into 

Valero scaffold show dramatically different temperature response. C) FBG sensor embedded into 

the ABS scaffold shows a 27 % increase in temperature response. 

After completion, the final layer number was recorded and the FBG sensor was laid into the 

channel and taped on both sides to the platform. Finally, the full 10 mm thick block was placed 

on the platform in the exact same location as the first.  This formation was then started one layer 

later than then the previous build.  The ABS scaffold was paused halfway during fabrication to 

allow the FBG sensor to be laid across the scaffold. The FBG was covered with a small piece of 

tape to protect the fiber from the printer nozzle during the printing of the rest of scaffold.  As 

shown in Fig. 2, embedding sensors 1 and 2 into a 3D printed scaffold results in a large blueshift 

of 29 pm and 4350 pm, respectively. Assuming a temperature response of 10 pm/C, this shift in 

Bragg wavelength would correspond to a temperature change of 2.9 C and 435 C. This result 

clearly indicates that the process of embedding a FBG introduces significant strain into sensor 

which varies considerably depending upon the details the printing process.   
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Upon heating these embedded sensors, we observe a temperature dependent upshift of 44.5 

pm/C (sensor 1) and 105.3 pm/C (sensor 2). A more muted behavior is observed for sensor 3, 

which was embedded in ABS scaffold that was 25% air; We observe a temperature-dependent 

shift of 7.4 pm/C before embedding and 9.4 pm/C post-embedding in the ABS scaffold (Fig. 

2c). The two temperature response curves (before and after embedding) are offset by 110 pm or 

∆T 11 C. The large temperature induced shifts observed for all three sensors indicate 

significant contributions from strain which likely derives from differential thermal expansion of 

scaffold and fiber sensor. While the zero offset in calibration curves can be easily recognized and 

corrected for, the dramatic difference in the wavelength-temperature curve clearly indicates that 

any quantitative use of embedded FBG would require in corpus calibration. In cases where 

sensor form factor is not critical, e.g. buildings, differential measurement schemes (encasing 

reference sensor in rigid encasement) could be deployed to differentiate between interfering 

variables such as temperature and strain. However, in applications where sensor size is critical 

e.g. cure monitoring in composite materials or temperature/strain monitoring in tissue growth, 

embedded FBG sensor will likely be limited to providing qualitative information unless in 

corpus calibration processes are developed and deployed. 

3. Summary 

Our examination of FBG embedded in 3D printed scaffolds indicates the surrounding matrix 

(infill percentage, residual stress, etc.) has a significant impact on a sensor’s temperature 

response. Likely due to stress of the surrounding matrix, the embedded sensors show significant 

zero offsets and variations in temperature-wavelength response that vary from 9.4 pm/C to 435 

pm/C. Our results indicated that in the absence of differential measurement schemes such as can 

only be used for qualitative measurements. The quantitative use of embedded sensors will 

require the development of in corpus calibration procedures. 
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