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On the Detection and Quantification of Nonlinearity via Statistics 
of the Gradients of a Black-Box Model 

Georgios Tsialiamanis and Charles R. Farrar 

Abstract Detection and identification of nonlinearity is a task of high importance for structural dynamics. On the one hand, 
identifying nonlinearity in a structure would allow one to build more accurate models of the structure. On the other hand, 
detecting nonlinearity in a structure, which has been designed to operate in its linear region, might indicate the existence 
of damage within the structure. Common damage cases which cause nonlinear behaviour are breathing cracks and points 
where some material may have reached its plastic region. Therefore, it is important, even for safety reasons, to detect when 
a structure exhibits nonlinear behaviour. In the current work, a method to detect nonlinearity is proposed, based on the 
distribution of the gradients of a data-driven model, which is fitted on data acquired from the structure of interest. The 
data-driven model selected for the current application is a neural network. The selection of such a type of model was done 
in order to not allow the user to decide how linear or nonlinear the model shall be, but to let the training algorithm of the 
neural network shape the level of nonlinearity according to the training data. The neural network is trained to predict the 
accelerations of the structure for a time-instant using as input accelerations of previous time-instants, i.e. one-step-ahead 
predictions. Afterwards, the gradients of the output of the neural network with respect to its inputs are calculated. Given that 
the structure is linear, the distribution of the aforementioned gradients should be unimodal and quite peaked, while in the 
case of a structure with nonlinearities, the distribution of the gradients shall be more spread and, potentially, multimodal. 
To test the above assumption, data from an experimental structure are considered. The structure is tested under different 
scenarios, some of which are linear and some of which are nonlinear. More specifically, the nonlinearity is introduced as a 
column-bumper nonlinearity, aimed at simulating the effects of a breathing crack and at different levels, i.e. different values 
of the initial gap between the bumper and the column. Following the proposed method, the statistics of the distributions of 
the gradients for the different scenarios can indeed be used to identify cases where nonlinearity is present. Moreover, via the 
proposed method one is able to quantify the nonlinearity by observing higher values of standard deviation of the distribution 
of the gradients for lower values of the initial column-bumper gap, i.e. for “more nonlinear” scenarios. 

Keywords Structural health monitoring (SHM) · Structural dynamics · Nonlinear dynamics · Machine learning · Neural 
networks 

1.1 Introduction 

In the pursuit of making everyday life safer, humans have extensively tried to model the environment around them. Structures 
are an important part of the environment, in which humans live. They are man-made and should be safe throughout their 
lifetime. Structures are exposed to numerous environmental factors, which may cause them to fail. Moreover, during 
operation, structures are subjected to dynamic loads, which, in time, may cause failure. Such failures will most probably 
result in economic damage to society and may even result in loss of human lives. Therefore, for the purpose of maintaining 
structures safe, the field of structural health monitoring (SHM) [1] has emerged. 
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Collapsing Distributed Fiber Sensors to Point Measurements
to Boost Signal-to-noise using Custom-designed Fiber Coils

Angel H. Chafino, Serena A. Vu, Reganne M. Watts, Steven R. Anton, Carly M. Donahue,
Andrew K. Harter, Nathan T. Maier, and William A. Redford

Abstract After structural failures like those caused from natural events, the ability for search and rescue teams to locate
people is essential to saving lives yet one of the most difficult to complete. Distributed Acoustic Sensing (DAS) has emerged
as a versatile and innovative technology that uses a pulsed laser to turn a regular fiber optic cable into an array of vibra-
tional sensors that can prove useful for these scenarios. We propose a novel application of DAS to detect ground propagated
waves using surface deployed fiber sensors which could prove to be pivotal for search and rescue efforts. However, two main
challenges still exist with this technique; coupling the fiber to the medium of interest, and the reduction of unwanted noise
which dictates signal-to-noise ratio (SNR). Here we present experimental results testing different fiber sensor designs which
can be integrated into fiber and used to improve SNR for surface deployed scenarios. The sensors are based on fiber coils,
which both amplify the signal and allow for noise mitigation techniques. We characterize coil geometry effects on SNR
values and the effectiveness of various coupling techniques for detecting ground propagated waves in a field environment.
A strain gauge coil geometry greatly improved the SNR and implementation of sensor compression allowed for a compact
point sensor; this was successfully implemented into a weighted roll-able noise dampening fabric, significantly improving
the amplitude of impulse signals.
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Introduction

Distributed acoustic sensing (DAS) has rapidly gained popularity in various fields including seismology, structural health
monitoring, and disaster response due to the ability to collect large amounts of data from one fiber [1, 2]. While many
researchers have used existing underground telecommunication optical fibers for DAS, these fibers may not exist in the
desired sensing areas and are limited to their existing installation configurations. Due to its versatility and live imaging
capabilities, we believe DAS could play a pivotal role in rapid response rescue scenarios as it would allow for coverage of a
large area with the potential of being rapidly deployed with only one single optic fiber cable. Surface deployment of optical
fiber is an emerging sensing method as it allows for temporary deployment of an array of sensors and can be done in areas
where trenching is infeasible, such as in emergency response scenarios or environmentally protected land. Rapid installation
of surface deployed optical fiber has its own challenges due to fiber sensitivity to wind noise and poor coupling of the fiber to
the ground. This paper focuses on evaluating various methods of coiling, coupling, and wind reduction for surface deployed
fiber optic cables.

Background
The DAS system consists of an interrogator, which is an electrical unit connected to one end of an optical fiber. The inter-
rogator emits a laser pulse down the fiber and measures the phase shift of Rayleigh backscattering to determine the strain
rate of the fiber. Strain rate is averaged over gauge lengths and binned into channels, which are equally spaced in the fiber.
The gauge length for the interrogator used in this work is 10 meters. Small perturbations in the fiber location due to acoustic
signals alter the interaction of the pulse with the fiber and thus the signal that is received [1].

DAS has found wide applicability in the field of geology as a tool for seismology, subsurface structure imaging, fluid
pressure sensing, and studying various other underground phenomena [2, 3]. It has also been used to detect hypersonic
vehicle entry and bird calls which shows its versatility and desirability among a wide range of disciplines [4, 5].

While it has shown its versatility, there are still challenges to fully apply this system for rapid deployment using surface
fiber. DAS is directionally sensitive, or only able to detect disturbances that cause longitudinal strain on the fiber. It is
also highly impacted by the quality of coupling to the desired sensing medium and the configuration of the fibers. Various
researchers have found that coiled fibers increase the signal-to-noise ratio, making it more advantageous over straight fiber.
This coiling allows a standard gauge length of fiber to be collapsed into a single point sensor, increasing its amplitude and
decreasing directional sensitivity as it allows for a portion of the fiber to always have longitudinal strain [5, 6, 7, 8].

Traditional surface deployment methods of fiber optic cables for DAS involve unspooling the fiber on the ground and
pressing it into the surface by walking over it [9]. While quick to execute, this results in poor coupling with the desired
sensing medium. Various methods have been proposed to improve surface deployment methods for distributed sensing
arrays, including using soft robotics, towing the cable behind a vehicle, and a roll-able blanket of sensors [10, 11]. However,
these methods can be bulky, time-consuming, and often unfeasible for rapid response.

Our goal is to design an adaptable and easily deployable array of fiber optic point sensors. While there has been research
in coiling of fiber and its applications, there is a lack of research into rapid deployment techniques and the viability of only
using surface deployed fibers. The goal of this study is to evaluate various methods of coiling, coupling, and wind reduction
for coiled optical fiber sensors to guide future work on a rapid deployment mechanism.

This paper begins with a discussion of our instrumentation and coil design. Then we discuss data collection and field
layouts. Afterwards we discuss the results of the various tests and conclude with a discussion of future improvements to the
rapid deployment system.

Methods

Fabrication
All the coil geometries were fabricated using ABS filament printed with an infill of 15% using a grid pattern in order to
reach a higher first natural frequency based on previous research [12]. This shifted the first resonance frequency outside of
excitation range of our shaker and any frequency of interest to ensure that the printed components did not impart any external
behaviors into the coil system.

We coiled a single-mode optical fiber from Thorlabs (SMF-28-100), which has an operating wavelength of 1260 to
1625nm, around the geometries presented in Figure 1. This fiber has a 900µm diameter jacket and a minimum bend radius
of 3.75cm for long-term storage. The radius for all curves used in the coil designs is 4cm to satisfy this requirement and
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prevent the fiber from experiencing unnecessary strain. Additionally, the wall thickness of these designs are 1cm thick. We
spliced all coiled sensors as a continuous fiber to enable the evaluation of all sensors simultaneously, if desired.

Fig. 1 Top row left to right: plain coil, standard disk, two gauge, three gauge, rounded square, layering disk. Bottom row
left to right: infinity, 1 to 2 aspect ratio, 1 to 2.5 aspect ratio, 2x diameter, 1x diameter, low frequency.

Additionally, we used the Finite Element Analysis (FEA) package in SolidWorks to design a coil geometry that combined
the aspect ratio and layering disk designs and could be excited by the frequencies supplied by the shaker. We hoped that the
vibrations and mode shapes would increase the strain in the fiber and therefore the signal we were detecting. The resulting
design and first natural frequency is shown in Figure 2. The accuracy between the FEA model and the environment was not
of high concern, and so the analysis was done using a free-free boundary condition when designing for the lowest frequency.
This design was printed with 100% infill to best simulate the finite element model. It is understandable that once printed
and placed on the ground the fidelity of the model to the actual component will vary. However, we believed that a small
exploration of this concept would still prove valuable.

Fig. 2 (A) The fabricated coil design and (B) the finite element analysis showing the 7th mode within those being excited
by the shaker.

Taking inspiration from geophone covers and other wind dampening mechanism, we 3D printed a 4 prong basket shape
that could easily be placed on top of the coil without disturbing its boundary conditions to the ground. The material is easily
hot glued onto the basket which has a minimal area to ensure that the basket itself is not inducing any dampening. As shown
in Figure 3, we evaluated four different materials: a quilted fabric, felt, rubber, and an acoustic foam.

We also looked at a high density foam (0.048 g/cm3) and a low density foam (0.029 g/cm3) cover with weighted edges
and a divot to completely encase the coil, shown in Figure 4.

For coupling methods, we tested a 25lb weight, a 50lb weight, a stake, and covering the coil with a small shovelful of
sand. The stake was designed to be modular with the layering coil disk. This was done so we could use the same sensor for
each test and only modify the coupling mechanism. These methods are shown in Figure 5.

Our rapid deployment design was inspired by seismic land streamers which are arrays of geophones towed behind a
vehicle. We also took elements from our coil geometry studies and coupling/wind tests to build our land streamer shown in
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Fig. 3 (A) The rubber basket, (B) the quilt basket, (C), the acoustic foam basket, (D) the felt basket, and (E) an underside
view showing the 3D printed base for each of the baskets.

Fig. 4 (A) Top view of the two foams with low density on the left and high density on the right. (B) Bottom view of the
two foams with a disk inside low density on the left and high density on the right.

Figure 6. The body of the land streamer was made from an acoustic deadening fabric cut into 7in wide strips and then pieced
together into a 21ft long strip. We glued six layering disk coils to the bottom and taped four 3oz weights around each coil
to help couple it to the ground. To deploy the streamer, one end was rolled up so a bundle was created that could quickly be
rolled out on the field.

Indoor Testing Environment

To minimize external noise sources, we conducted individual coil SNR tests in a 10m by 0.53m wooden box filled with
basalt sand shown in Figure 7. Previous work had found that the box has a resonance at 30Hz which greatly impacted the
response of the fibers within. In order to ensure that comparisons can be made between different coil geometries, a particular
interest is set on frequencies lower than 30Hz and all coil geometries are placed in the same location to mitigate areas of
nodes and anti-nodes within the box.

We used a shaker located at one end of the box to generate a step sine wave in the frequency range of 15 to 40 Hz. The
shaker was controlled as an open loop using TiePie to supply 10-second steps in 1Hz increments to achieve steady state.
Smaller step increments were not considered due to time constraints.
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Fig. 5 (A) The modular stake design, (B) adding medium to simulate buried conditions, (C) the 25lb shot bag, and (D) the
50lb shot bag.

Fig. 6 One of the coils attached to the bottom of the land streamer
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Fig. 7 The 10m long wooden box used as an indoor testing environment

Outdoor Testing Environment

For outdoor testing, we used a large field located on laboratory campus, shown in Figure 8. We dug a trench 6in deep
and buried 100m of tactical optic fiber to serve as a reference for our rapid deployment measurements. This is largely
informed from previous research showing that the best coupled fibers are those that are buried underground, as it allows
for a more direct measurement of the ground strain and reduces the wind noise. We wanted to compare the best known
coupling and wind reduction method to our rapid deployment designs. Existing fibers that are underground and used for
DAS are generally in conduit reducing its coupling with the ground. We then deployed a single coil on the fiber to per-
form our coupling methods on to make the assumption that manufacturing variations had no impact on the response of
the coil.

We used a PCB 086D20 modal sledgehammer to generate our impulses. The medium tip was selected to excite frequen-
cies between 0 to 300Hz. To avoid damaging the modal hammer and creating a hole from repeated impacts, an aluminum
block was placed to take the impact at the 2m, 5m, and 10m distances away from the surface deployed coil. Three im-
pacts were captured at each location, using a proprietary Matlab script and a National Instruments USB-4431 to make sure
analyzed impacts were between 9,000 and 11,000 Newtons. For the coupling methods, we only tested impacts that were per-
pendicular to the fiber while the land streamer had impacts both perpendicular to and parallel to the fiber. The interrogator
recorded the entire testing session of 9 impacts, and the data from the impulse collection was used to obtain a 4 second range
of where the impulse from the hammer occurred.

Results and Discussion

Indoor Testing

Coil SNR

To calculate the SNR for the various coil geometries, we took a 5 second sample of the signal at each excited frequency and
a 5 second snippet of noise at the same frequency. We then used Equation 1:
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Fig. 8 A ground view of the outdoor testing environment. Triangles represent the location of perpendicular to the fiber
impulse locations (2, 5 and 10 meters) while the circle represents the sensor used to test the coupling methods and wind
mitigation.

SNR = 10 log10
AS

AN
(1)

where As is the mean amplitude of the signal at the given frequency and AN is the mean amplitude of the noise at the same
frequency.

We repeated this process for each frequency that was excited. We then calculated the mean SNR below 30 Hz, which
was the first resonant frequency of the box, and the mean SNR above 30 Hz, which included the box resonant frequency.
As shown in Figure 9, we compared the SNRs for each of our coil geometries. All of the geometries performed better than
a plain coil looped without any base geometry both above and below the box resonance. The coils generally followed the
same trends even above the box resonance, however particular emphasis will be taken for those below this region where the
box is well characterized.

When comparing the usage of having multiple gauges, the two and three gauge coils provide a marginal SNR increase
when compared to the standard and plain coils. We did not find the increase in SNR to be significant enough to justify
taking the time and manufacturing effort to spool the larger amount of fiber onto one coil. Interestingly, it was also found
that layering the fibers on top of each other did not negatively impact the SNR of the coils which allows us to design more
compact sensors which are easier to rapidly deploy without greatly affecting the response, when compared to the standard
single layer coils.

For the aspect ratio geometries inspired by strain gauges, we observed an increase in SNR both above and below the
box resonance when compared to the plain coil. However, there was not a substantial difference between the 1:2 and 1:2.5
designs likely due to only an inch being added to the longitudinal sides. These findings held up with previous research that
used fiber as a strain gauge and supports the principle of the fiber having higher response to longitudinal strain. The low
frequency design did not perform better than the regular aspect ratio however, it did produce a smaller standard deviation in
the mean SNR both above and below the first box resonance frequency.

When comparing the standard and plain coils to the 1.5x diameter and 2x diameter (where 8cm is 1x diameter), we see
significant variations above and below the box resonance. The 1.5x diameter has a smaller standard deviation both above
and below the box resonance. When only looking at the SNR below the box resonance, the 1.5x diameter has a greater mean
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Fig. 9 A Plot of all calculated SNRs for the various coil designs. The boxes are separated into two data sets corresponding
to responses above or below the box resonance of 30Hz. The bars represent one standard deviation of the mean amplitude.

SNR than the 2x, while the converse is true for SNR above the box resonance. We expected to observe an increase in the
SNR as the diameter got larger. However, only a small sample of diameters were tested, so trends, plateau, or correlations
are indiscernible and require more testing to characterize.

We create novel coil geometries to explore the idea of having coils with longitudinal sections at different angles in an
attempt to increase the signal by having more fiber in regions that will be responsive to a perpendicular wave. The infinity
has the highest mean SNR both above and below the box resonance frequency. The rounded square has a slightly larger SNR
than the double infinity. This suggests that utilizing a variety of angles in the sensor can positive impact the sensor’s ability
to detect impacts.

Outdoor Testing
Coupling Methods

From the output of the modal sledgehammer, we found that the magnitude of the force input and the amplitude of the signal
recorded by the coil have a highly nonlinear relationship. We averaged all three impulse time series recorded by the coil at
each impact distance (2, 5, and 10m) from the coil. The results of this averaging are shown in Figure 10. Due to fluctuations
in the noise floor and an uncontrolled environment, we couldn’t calculate the signal to noise ratio for the different coupling
methods.

Both the 25lb and 50lb weights substantially increased the SNR when compared to the plain coil, especially at the 10m
impact distance where there are still prominent peaks in the data. Both the stake and scoop of sand did not increase the
amplitude and the impacts were indiscernible from the noise at the further distances. This suggests that weighing down the
coils helps them couple to the ground and allows them to detect signals from farther away.

Wind Reduction Methods

To control the wind noise source, we placed an industrial fan approximately 1.5m away from the uncovered coil. We then
compared the mean amplitude of 5s of noise taken after the last hit was produced. In Figure 11, the values were then
normalized by the uncovered coil so values <1 indicate a reduction in noise while the values >1 indicate an increase in
noise floor.

The basket materials that show promise for wind reduction were the acoustic foam and the felt as they all had smaller
mean noise values and error bars than the uncovered coil. The quilt material performed similarly to the plain coil while the
rubber had a slightly higher mean noise than the plain coil.
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Fig. 10 A series of plots showing the average response of the coil and the standard deviation for 0.5 seconds after the
impulse at 2m, 5m, and 10m.

Fig. 11 A comparison of the normalized noise values for the various basket coverings. The error bars representing one
standard deviation of the mean.

When comparing the two weighted foam squares, low density foam had a higher mean noise and a higher standard
deviation than the high density foam as seen in Figure 12. One possible reason for this increase is that this foam block was
approximately an inch taller than the high density foam block which would make it less aerodynamic, possibly introducing
more wind noise into the system.

Land Streamer Deployment

The land streamer was able to clearly detect impacts at all three distances, as shown in Figure 13. While they is more noise
than the ground fiber, the impacts are still prominent among the spectra. Due to the prominence of the peaks at 10m, we
believe the streamer could clearly detect impacts even further away.
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Fig. 12 A comparison of the normalized noise values for low and high density foam blocks as wind reduction methods.
The error bars represent one standard deviation from the mean.

Fig. 13 A comparison of the waterfall plots for the land streamer and buried fiber. The first group of impacts are at 2m, the
second group are at 5m, and the last group are at 10m.

Figure 14 shows the mean amplitude for the impacts tangential (along the fiber) and normal (perpendicular to the fiber)
for the buried fiber and the land streamer. The land streamer has a similar amplitude for impacts in both directions, showing
that we were able to reduce the directionality of the fiber and make a more omnidirectional sensor. We also noted that, despite
rolling and unrolling the land streamer several times, there were no fractures in the fiber showing promise for future rapid
deployment designs using this method.
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Fig. 14 A comparison between the average amplitude of the land streamer and the buried fiber at the given distances.

Conclusion

Design Recommendations
From the various experimental results, we have several design recommendations regarding future fiber optic point sensor
coiling geometries. One of the most appealing is that layering fibers does not have a significant impact on SNR. This implies
that smaller compact coils can be created and implemented into rapid deployment methods. We believe this is applicable to
any coiling geometry and thus could be combined with the most responsive geometry, if layering can be integrated into the
design. Although fiber is inherently directional, this can be used advantageously to create more sensitive coils by forming
long longitudinal sections. This is particularly supported by the aspect ratio and infinity geometries, as these contained long
sections of fiber that could still be compressed to a point sensor and sense ground propagated waves. This can be used both for
directionality if the source direction is known or omnidirectional sensing by ensuring symmetry of the longitudinal sections
like that of the infinity and double infinity. Additionally, it is clear that weighing down the coils leads to an observable
improvement in the amplitude of the signal as both the 25lb weight and the 50lb weight improved the signal at all distances.

Rapid Deployment Feasibility
We were able to easily manufacture the land streamer and meet all of the design requirements. Our design showed significant
reduction in the noise floor of the fiber, especially when compared to a plain coil, while also improving the response at larger
distances. We were able to easily roll and unroll the land streamer without damaging the fiber, showing promise for future
designs that involve unrolling long strings of fiber point sensors.

Future Work and Experimental Recommendations
Future work should be done to better optimize the coiling geometry, looking into more complex simulations and optimization
algorithms based on the findings presented here. Additionally, more thorough laboratory studies should be done on the wind
reduction methods in order to confidently quantify the response of various materials.
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