Chapter 11
Bio-inspired Sensors for Structural Health
Monitoring

Kenneth J. Loh, Donghyeon Ryu and Bo Mi Lee

Abstract Structural systems are susceptible to damage throughout their opera-
tional lifetime. Thus, structural health monitoring technologies and, in particular,
sensors that could monitor structural performance and detect damage are needed.
While there exist a variety of different sensing platforms, this continues to be an
active area of research due to the many challenges associated with identifying and
quantifying structural damage, which is inherently very complex. This chapter
discusses an emerging area of sensors research in which sensor design or func-
tionality is inspired by biological systems. By borrowing concepts from and
learning how nature’s creations sense and interact with its environment, the goal is
to create novel sensors with unparalleled performance as compared to the current
state-of-art. This chapter is not meant to be an exhaustive literature review on this
topic. Rather, only a small selection of published work is sampled and presented
to showcase different ideas and the breadth of research. Topics ranging from bio-
inspired algorithms, creature-like robots, and skin-like sensors are presented.

11.1 Introduction

Infrastructure systems, such as bridges, buildings, cranes, dams, and pipelines,
among others, could incur damage throughout their service lifetime. Natural
disasters, excessive loads, accidents, and/or environmental degradation could
cause various types of damage. Damage (e.g., corrosion or fatigue cracks) could
escalate over different time- and length-scales and while the structure remains in
service. If left undetected, accumulated damage could diminish structural perfor-
mance, serviceability, and safety.
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For example, a fatal rupture and explosion of a natural gas pipeline in Carlsbad,
NM in 2000 was a result of deterioration caused by corrosion and other factors
(NTSB 2003, Peekema 2013). Another example is cracking in steel girders of the
Interstate 1-794 Daniel Webster Hoan Bridge (Milwaukee, WI) in 2000 that caused
one of its spans to sag by more than 1.2 m (4 ft); as a result, a total of US$7.8
million was invested for repair and retrofit (Fisher et al. 2001). The catastrophic
collapse of the Sgt. Aubrey Cosens V.C. Memorial Bridge (Latchford, ON,
Canada) in 2003 was due to fatigue rupture of hanger connections within the arch
bridge’s enclosed steel boxes (Biezma and Schanack 2007). As evident from these
historic events, the timely detection of damage is crucial for facilitating the nec-
essary structural repairs, ensuring optimal performance of structures, and
enhancing public safety.

Routine visual inspection by trained technicians continues to be the predomi-
nant methodology adopted for evaluating the performance and safety of existing
structural systems. For instance, the National Bridge Inspection Standards, set
forth by the U.S. Federal Highway Administration, mandates that all highway
bridges be inspected every 24 months (FWHA 2004). Due to their inherent time-,
labor-, and cost-intensiveness (Hartle et al. 1990; Moore et al. 2001), tethered
sensing systems are sometimes used to supplement visual inspection (Zhang et al.
2007; Sumitro et al. 2005; Celebi 2006). While simple sensors such as acceler-
ometers and strain gages offer quantitative measures of structural response, their
high costs to install and maintain the great lengths of coaxial cables have limited
the number and density of sensors installed per structure (Celebi 2006). The end
result is a sparsely distributed monitoring system (relative to the size of the
structure) that is, at times, poorly scaled with structural damage, which is inher-
ently highly localized.

On the other hand, structural health monitoring (SHM) integrates structural
response data collected from distributed sensors with feature extraction algorithms
for identifying the presence of damage relative to its healthy or pristine state.
Statistical analysis is then required for relating accumulated damage to structural
functionality, resistance to various loading scenarios, and overall safety (Farrar
and Worden 2007). According to Farrar and Worden (2007) and Rytter (1993),
damage detection involves a five-step process of increasing complexity, namely:
(1) existence; (2) location; (3) type; (4) extent; and (5) prognosis. One of the major
considerations in which any or all of these five steps could be achieved relies on
the careful selection and deployment of sensors. These sensors need to be stra-
tegically instrumented and need to provide high signal-to-noise data that are
indicative of damage, where damage and detection threshold is defined based on
the end-user’s needs.

In fact, a plethora of emerging technologies have been proposed over the past
few decades for autonomous SHM and damage detection. Examples include fiber
optics and fiber Bragg gratings for distributed strain and temperature measure-
ments (Tsuda et al. 1999; Kersey 1996), wireless sensors for densely distributed
system identification (Lynch and Loh 2006; Spencer Jr. et al. 2004), and piezo-
electric sensor and actuator arrays for active sensing and acoustic emissions
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(Tadigadapa and Mateti 2009; Yu et al. 2008; Zhao et al. 2007), among others
(Boller 2000). Despite these advancements, these SHM systems possess certain
limitations that sometimes make it challenging for them to diagnose a structure’s
health. While limitations vary between sensor platforms, in most cases, sensors are
discrete transducers that only measure data at instrumented locations. Spatial
structural response is usually obtained using a dense network of sensors and
interpolation. Most sensors only measure structural response, and physics-based
models or statistical methods are needed for inferring information about damage.

Unlike the aforementioned manmade sensing technologies, nature and its
diverse creations have perfected biological assemblies and functionalities to enable
the five senses of touch, visual, auditory, olfactory, and taste. In fact, humans have
historically relied on biological inspirations to create artificial systems that
mimicked the functionalities of many creatures. For example, camouflage tactics
used in the military (i.e., planes, ships, and tanks) have been motivated by an
octopus’ ability to match its colors to its surroundings (Bar-Cohen 2006). With the
advent of modern computing technology, electronics, and nanotechnology, these
bio-inspired systems have become increasingly more complex and higher per-
formance. For example, McGary et al. (2006) and Liu (2007) have fabricated
artificial hair cell arrays for magnetostrictive acoustic sensing and fluid flow drag
force sensing, respectively. Other examples include bio-inspired auto-adaptive and
autonomous engineering systems (Tomizuka et al. 2007), plant-inspired actuators
(Philen et al. 2007), phospholipids, and microfluidic membranes (Horsley et al.
2008), among many others (Loh et al. 2009; Li et al. 2004; Kao et al. 2007; Lin
and Sodano 2009).

Instead of presenting an exhaustive review of bio-inspired sensing systems, this
book’s chapter uses select examples of published works to highlight the breadth of
cutting-edge research. In particular, this chapter focuses on three different types of
bio-inspired sensors for SHM. First, Sect. 11.2 presents bio-inspired algorithms for
SHM. These algorithms could be used with current sensor networks for detecting
damage or sensor faults. Second, Sect. 11.3 discusses robotic sensors that mimic
the functionality of various creatures. Like geckos, these sensors could crawl on
various structural surfaces and collect information from locations inaccessible to
inspectors. Then, Sect. 11.4 highlights recent advances in designing conformable
sensors based on nanotechnology. These thin films could be coated onto structural
surfaces, and like skin, be able to detect damage over large spatial areas. This
chapter concludes with a brief summary and discussion of future trends and needs.

11.2 Bio-Inspired Computational Tools

The development of various data management, signal processing, and damage
detection algorithms has been inspired by biology. One particular prominent area
is computational methods inspired by the biological immune system (BIS). In
particular, BIS has provided a conceptual basis for deriving an artificial immune
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system (AIS) to improve the reliability and security of sensor networks for SHM
(Drozda et al. 2011a; Twycross and Aickelin 2009; Dasgupta 2006).

One of the interesting features of the BIS is homeostasis, which helps maintain a
normal operation level in environments where errors and changes could occur
(Drozda et al. 2011a). One should know that BIS consists of two components (i.e.,
innate and adaptive immune systems) to protect the biological host from threat-
ening pathogens. Here, the innate immune system immediately responds to the
known pathogen, and the system does not change. On the other hand, the adaptive
immune system involves learning and memory that take place over relatively longer
periods of time (e.g., over several days). When unknown pathogens affect the host,
the adaptive immune system recognizes and memorizes the new threat or change.

The detailed mechanism that enables the adaptive immune system response is
that lymphocytes experience either positive or negative selection processes with a
minimum self-reactivity or autoimmunity. When autoimmunity happens, the host
cells undergo self-attack. It should be noted that first generation AIS considered
only one type cell (i.e., B cell) for stabilization of the network (Hunt et al. 1999).
When antigens were presented to B cells, and if affinities between B cells were
strong, the B cells were cloned and contributed to stabilization of the network.

A second generation AIS was proposed by introducing different cell types (e.g.,
B and T cells) to the conventional AIS to enhance performance of error detection
(Twycross and Aickelin 2009). Research focused on the communication between
the different cell types. The innate immune system took part in error detection,
which involves classifying the error and providing context on errors triggering
damage. AIS’ error detection structure was composed of adaptive and context
classification modules. The two modules interacted in a feedback loop. By mim-
icking biological adaptive immunity, the structure offered functions of selection,
memory, and learning for detecting new errors and changes in existing errors in the
monitored sensor network.

The context classification module, inspired by innate immunity, evaluates the
quality of service, and provides feedback to the adaptive module after error
detection. Using the immune system-inspired error detection algorithm, it was
shown that various objectives, such as energy efficiency, final false positives rate,
adaptivity, and novel error detection, could be taken into account. By simulating
the experiments conducted by Drozda et al. (2011b), improvements in the adaptive
strategy-based error detection method were validated with minimum impact on
energy efficiency and intact false positives control (Drozda et al. 2011a).

Bio-inspiration has also been adopted to improve the performance of compli-
cated sensor networks for SHM. In addition, as these sensor networks evolve, they
become even more complicated, with increasing number of sensors and dimen-
sions. In particular, complex sensor networks with large number of sensors require
the use of novel algorithms and strategies for optimum sensor placement to avoid
coverage holes and unbalanced data flows.

For instance, genetic algorithms (GA) were investigated by numerous
researchers for fault detection, as well as for monitoring spatial lattice structures and
large space structures (Worden and Burrows 2001; Liu et al. 2008; Yao et al. 1993).
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Javadi et al. (2005) developed a hybrid GA by integration of back-propagation
neural network to improve convergence performance and the quality of the solution.
Inspired by natural evolution, evolutionary algorithms (EA) have been used for
optimizing mobile sensor deployment with optimum sensor coverage in a randomly
distributed wireless sensor network (Abbasi et al. 2014). To simulate social
behavior, particle swarm optimization (PSO) was implemented, which was sug-
gested by Kennedy and Eberhart (1995). PSO was further enhanced by introducing
chaos into an accelerated PSO by Gandomi et al. (2013). An overview of sensor
node movement methodologies was provided by Abbasi et al. (2014) to improve
network coverage as well as network lifetime, and the bio-inspired algorithms were
shown to enhance data details, timeline, and reliability.

To shorten computational run-time and improve convergence performance in
complicated sensor networks, Yi et al. (2012) developed an asynchronous-climb
monkey algorithm (AMA) for optimizing sensor placement. The AMA mainly
consists of monkeys’ mountain-climbing process (i.e., climb, watch, jump, and
somersault) (Fig. 11.1). In particular, AMA mimics monkeys’ social behavior to
find the optimum positions of sensors, in which monkeys exchange information
with neighbor monkeys and were guided by the monkey king (i.e., the first step of
AMA). This procedure was repeated until the best objective value (in this case the
binary vector of sensor location) was obtained. The objective value was contin-
uously updated with the position vector of monkeys by considering each monkey’s
own experience and the social experience from neighbor monkeys. The best
objective value was designated as a “monkey king,” and the Darwinian principle
of natural selection was incorporated to accommodate replacing the monkey king
with the next best one.

Fig. 11.1 The process by which monkeys climb, watch, jump, and somersault provides the
conceptual basis for the asynchronous-climb monkey algorithm (Yi et al. 2012). (Image provided
courtesy of IOP publishing)
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Furthermore, AMA was improved by combining PSO, which was expected to
be useful for civil infrastructures instrumented with large number of sensors. The
proposed AMA was verified through a trial involving different sensor placements
for characterizing the vibrational behavior of the Canton Tower (Shanghai, China).
Modal assurance criterion (MAC) was chosen to yield two types of objective
functions, and for comparison with AMS, a conventional monkey algorithm (MA)
was used with a dual-structure coding method. Two simplified finite element (FE)
models of the Canton Tower were established with and without the antenna mast.
For all cases of objective functions and FE models, AMA exhibited the best
performance in optimizing sensor placement.

Data processing and transferring techniques have also been developed by
adopting biological concepts with the purposes of improving accuracy in data
detection and realizing real-time data processing for large-scale civil infrastruc-
tures (Lin et al. 2010; Peckens and Lynch 2013). A new damage extraction and
classification method for SHM based on the concept of a deoxyribonucleic acid
(DNA) array was implemented (Lin et al. 2010). The purpose was to improve
damage detection accuracy. Damage characteristics were extracted using a double-
tier regression model to establish the autoregressive (AR)-autoregressive exoge-
neous (ARX) database, which was regarded as analogous to DNA of biological
creatures. Just as how DNA arrays are classified based on DNA patterns using
naive Bayesian (NB) algorithm for detecting cancer cells, AR-ARX arrays could
also be classified using an NB algorithm and further improved through optimi-
zation using a likelihood selection method. The novel DNA-inspired SHM system
was verified through experiments involving a six-story building under ambient
vibration. It was shown that the optimized SHM system achieved 90-95 %
accuracy in terms of damage identification. To enable real-time data processing,
the auditory signal compression and transferring concepts were used (Peckens and
Lynch 2013). Inspired by the cochlea, high signal compression ratio was achieved
with a reasonable reconstruction error as compared to two other conventional
compressive techniques, namely wavelet transforms and compressed sensing
(Fig. 11.2) (Peckens and Lynch 2013).

There have been other efforts in using bio-inspired concepts for improving
damage detection and SHM (Loh and Azhari 2012; Salowitz et al. 2013; Kirikera
et al. 2008). Fatigue monitoring has been considered challenging, particularly due to
its long time-scales and high-frequency signals. Inspired by the concept of tree ring
data tracking, an intelligent fatigue monitoring system was developed (Bai et al.
2014). Fatigue characteristics (i.e., the amplitude of strain, the number of cycles, and
the stress state) were acquired with a high degree of accuracy, which could be
transmitted in real-time via a wireless network. The wireless fatigue monitoring
system was validated using cantilever bending fatigue tests. Maximum strain of the
test specimen was tracked using either strain gage or polyvinylidene fluoride, and
the obtained digital signals were processed to extract the number of loading cycles,
among other fatigue characteristics. Feature extraction was performed using digital
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Fig. 11.2 A cross-section of the cochlea is shown. The cochlea is a part of the mammalian inner
ear and plays an important role in processing and transmitting auditory signals (Peckens and
Lynch 2013). (Image provided courtesy of IOP publishing)

signal processing technology integrated with a rain-flow counting method. It was
shown that loading cycles were accurately measured with <5 % error, and fatigue
life was calculated.

11.3 Creature-like Robotic Sensors

While bio-inspired algorithms offer the possibility of optimizing sensor instru-
mentations, in many cases, large structures still require densely distributed sensors
for SHM. It has already been shown by Celebi (2002) that the cost to install
sensors in tall buildings could exceed US$5,000 per channel. Although one of the
major goals (and advantages) of wireless sensors was to lower costs by eliminating
sensor dependence on a tethered connection (Lynch and Loh 2006), the need for a
dense sensor instrumentation could make a wireless SHM system cost prohibitive
for many end-users and applications.

Mobile or robotic sensors that are inspired by different creatures’ ability to
navigate around the natural world offer unique benefits for SHM. In particular, the
fundamental benefit is that mobile sensors are no longer tied to their instrumented
locations, as is the case for static sensor networks. Instead, a small number of
mobile sensors could crawl around a bridge or building and record structural
response data at many measurement points. The robotic sensor could be wirelessly
commanded, collect data at a variety of measurement points over large spatial
domains, and as frequently as desired (given the limitations of onboard power).
The end result would be the possibility of obtaining densely distributed structural
response data using only a handful of sensors. These robots could also navigate to
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Fig. 11.3 A mobile sensor
prototype (developed by
researchers at the Georgia
Institute of Technology,
USA) is crawling on a steel
pedestrian bridge. (Photo
courtesy of Prof. Yang Wang,
Georgia Institute of
Technology, USA)

hard-to-reach areas that an inspector or engineer would otherwise not be able to
access conveniently.

A prime example of a bio-inspired mobile sensor for SHM is work by Zhu et al.
(2010). The mobile sensor was fabricated by connecting two two-wheeled vehicles
with a flexible beam (Fig. 11.3). The wheels were made with magnets so that it
could climb ferromagnetic structures. The design of the robot also included
infrared sensors and Hall effect sensors for the purposes of detecting boundaries
and for locomotion, respectively. For SHM, a Silicon Designs 2260-010 acceler-
ometer was located on the center of the robot’s center flexible beam, and the
mobile sensor could control the attachment and detachment of the accelerometer
onto the structure (i.e., by moving the two two-wheeled cars closer or farther away
from each other, respectively). Two different experimental laboratory tests were
conducted in the laboratory for validating their performance. The mobile sensors
successfully crawled around a steel portal frame, and two robots collected struc-
tural vibration response (excited using impact hammer strikes) at 11 different
measurement points. Damage was simulated by adding a mass block or by loos-
ening bolts at connections. By analyzing the transmissibility function, damage
location was successfully identified. Other research groups have also developed
various types of crawling robots (Huston et al. 2005; Akiba et al. 2013; Oh et al.
2009).

While the aforementioned mobile sensor was more mechanical and resembled
that of a car, the design of the Geckobot was inspired by the gecko’s ability to
climb almost any type of surface (Unver et al. 2006). In particular, the Geckobot
featured synthetic dry adhesive feet, made with polydimethyl siloxane (PDMS)
elastomer that mimicked the gait and climbing mechanism of real geckos. Like a
real gecko, when the PDMS toe was controlled to detach from the surface, the
PDMS was bent and peeled off in a way that minimized the detaching force.
Another unique design was its active tail that enhanced the robot’s mobility during
climbing. With the existence of a tail, it could provide additional force that secured
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Fig. 11.4 Polyurethane micro-hair arrays mimic the hairs (or setae) on a gecko’s feet that enable
vertical climbing (Wu et al. 2013). (Images provided courtesy of Springer)

Fig. 11.5 A gecko-inspired robot is shown climbing vertical walls of different materials.
Vertical climbing is enabled with the robot’s polyurethane micro-hair array on its wheels
(Wu et al. 2013). (Images provided courtesy of Springer)

the Geckobot to the surface. Experimental studies demonstrated that the mobile
sensor could walk at a speed of up to 5 and 1 cm/s on a flat and inclined surface,
respectively. However, one limitation was that the robot could not climb a normal
or 90° surface.

In contrast, Wu et al. (2013) proposed a climbing robot with two pedrails, in
lieu of individual wheels or robotic feet. A unique feature of the pedrail was that it
featured dry adhesive pedrails modeled after the gecko’s feet. The surface of the
pedrail was patterned with micro-fiber hair arrays, very much similar to the
spatulae that populates setae found on Gecko’s feet. The micro-fiber hair array was
fabricated using polyurethane and is shown in Fig. 11.4. The prototype gecko-
inspired robot successfully climbed surface materials and of different inclinations
(Fig. 11.5).

Robots inspired by other creatures, including snakes, have also been explored.
For example, Enner et al. (2012, 2013) proposed a snake-like robot for monitoring
pipeline systems. The main function of the snake-inspired robot was to measure
the pipe’s diameter, since its diameter could change as a result of corrosion
or damage. The robot could wrap itself inside the pipe or along the outer surface.
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Fig. 11.6 The ability of a worm to shrink and extend its own body to propel itself forward has
inspired the creation of artificial counterparts that mimic this behavior (Balaguer et al. 2005).
(Images provided courtesy of Springer)

For both cases, the geometry of the robot was related to the pipe radius (or
diameter), assuming that the centerline of the robot coincided with that of the pipe.
Therefore, information about the pipe diameter could be obtained directly for
SHM applications.

It should be mentioned that other climbing robots have also been developed.
Examples include the ROMA 1 that was inspired by the locomotion of caterpillars
that shrink and extend its body to move (Fig. 11.6) (Balaguer et al. 2005). Another
example is the ROMA II that utilized vacuum suction for climbing on different
surfaces (Balaguer et al. 2005). In fact, the mobile sensor consisted of two arms
and 10 vacuum cups. By controlling suction on either arm and by moving and/or
rotating the unattached arm, motion could be achieved. Bio-inspired mobile sen-
sors continue to be an important area of research with commercial prototypes
emerging in the marketplace.

11.4 Skin-Inspired Sensors

The human skin is another prime example of an impressive biological system that
is capable of densely distributed sensing. The sensing and monitoring of changes
in temperature, deformation, flow, pressure, and damage (i.e., injuries) is achieved
by the 640,000 sensory receptors distributed throughout the entire system (Schmidt
1986). Unlike mobile sensors that need to navigate to different locations and
collect data at different points in time, the skin is able to resolve changes
throughout the entire system simultaneously.

In fact, the skin has inspired the development of various tactile sensors, as have
been described in review articles by Lee and Nicholls (1999) and Yousef et al.
(2011). These tactile sensors are particularly important considerations for the
development of next-generation human-interactive robotic systems as an example
Mukai et al. (2008). In the context of SHM, Loh and Azhari (2012) have presented
a review of skin-inspired sensors.

Extensive research in flow sensors inspired by, for instance, human hairs and
the lateral line system in fish, has been conducted. Velocity-, acceleration-, or
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pressure-sensitive neuromasts in the lateral line allow these creatures to measure
flow and changes in motion (Coombs 2001). Hairs on the skin or on the surface of
insects (like crickets) also enable biological systems to monitor changes in fluid
flow (Pfatteicher and Tongue 2002) or acoustic signals (Wiegerink et al. 2007).
Hairs or whiskers on mice are also used for object identification and avoidance.

Research by Dijkstra et al. (2005) and Wiegerink et al. (2007) have shown that
biomimetic filiform hairs could be used for sensing flow. Viscous flow would tilt
these micro-machined hairs and induce measureable capacitance changes. These
artificial hairs have also been organized into a large array for enhanced sensitivity
and performance. An array is also useful for enhancing sensing resolution, as well
as differentiating flow direction. Besides measuring capacitance changes, others
have used the measurement of changes in electrical current (Sarles et al. 2011),
field-effect response (Kim et al. 2009), piezoelectricity (Yu et al. 2010), or mag-
netostriction (McGary et al. 2006). These bio-inspired flow sensors have been
proposed for various applications (Pinto et al. 2011; Eberhardt et al. 2011; Tao
et al. 2011).

A specific application in which bio-inspired flow sensors have been used for
SHM is the case of bridge scour monitoring. Bridge scour is the disruption of
marine structure’s foundations (e.g., overwater bridge piers and abutments) due to
rapid water flow, flooding, or severe weather events, among others (Whitehouse
1998). For instance, (Swartz et al. 2014) proposed a wireless smart scour sensing
post that consisted of bio-inspired magnetostrictive flow sensors attached to the
post surface (Fig. 11.7). When scour advances and exposes these Galfenol whis-
kers at different buried depths, the sensors would deflect due to fluid flow and drag.
A giant magnetostrictive sensor mounted at the base of the whisker would detect
such a change, and the response would be transmitted wirelessly to a base station.
A similar concept was also proposed by Wang et al. (2012), Loh et al. (2014), and
Azhari et al. (2014) but with piezoelectric sensors.

While hair-like structures that protrude from the surface of the skin could be
used for sensing flow, it is well known that the skin itself is a highly effective
distributed sensor. In fact, the skin has inspired the development of thin films and
coatings that are sensitive to different damage features. One particular technique
for creating artificial skin sensors is to incorporate randomly distributed carbon
nanotubes (CNT) in a thin, flexible, polymer matrix. Numerous techniques have
been developed, and they include examples such as evaporation (Dinh-Trong et al.
2009), spin coating (Yim et al. 2008), layer-by-layer (Loh et al. 2007), and
spraying (Kang et al. 20006), just to name a few.

In particular, Loh et al. (2007, 2005) demonstrated strain sensing using layer-
by-layer thin films assembled with single-walled carbon nanotubes (SWNT) and
various polyelectrolyte species. It was observed that the film’s electrical properties
(e.g., resistivity) varied linearly with applied strains up to at least 1 % strains, and
strain sensitivity could be controlled by modifying the concentration of the CNT
solution used during layer-by-layer fabrication (Loh et al. 2008). Like skin, these
materials could be applied onto the surfaces of structures for SHM. However, for
detecting damage within structural materials, these SWNT-based films were also
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Fig. 11.7 A smart scour
sensing post incorporates bio-
inspired magnetostrictive
whisker sensors for

Antenna

measuring fluid flow and D":’gt:"d = =
bridge scour. (Image courtesy processing | T
of Prof. R. Andrew Swartz, electronics
Michigan Technological
University, USA) Battery pack
Magneto-
strictive |t
whisker flow
sensors
Pull-out
prevention

embedded in structures like fiber-reinforced polymer (FRP) composites for
embedded strain monitoring and damage detection (Fig. 11.8) (Loyola et al. 2010).

It should also be mentioned that another method for achieving embedded sensing
was to modify the FRP composite’s epoxy matrix, again, using conductive fillers
like carbon nanotubes. Strain sensing, as well as monitoring delamination and
micro-cracks, were validated by Thostenson and Chou (2006), Boger et al. (2008),

Fig. 11.8 Multiple carbon
nanotube-based sensing skins
are embedded underneath the
surface of a large GFRP panel
during the manufacturing
process for achieving in situ
damage detection and SHM
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Nofar et al. (2009), and Kostopoulos et al. (2009). CNT concentrations as low as
0.1 w% was sufficient for producing electrically conductive, epoxy-based com-
posites (Thostenson and Chou 2002; Thostenson and Chou 2006; Thostenson and
Chou 2008).

Despite these advances in creating skin-like thin films that are piezoresistive,
strain sensing could only be accomplished in an average sense. A resistivity
measurement was directly correlated to strains being experienced by the under-
lying structure (i.e., at least on the surface). However, this strain measurement was
averaged over the entire surface area or measurement area of the film. Yet,
structural damage including cracks, corrosion, and impact were localized phe-
nomena. An “averaged” strain measurement may not be able to detect such
damage (i.e., depending on the size of damage and measurement area).

Instead, one could leverage the fact that the electrical resistivity (or equiva-
lently conductivity) of every location in the film is calibrated to strain. Work by
Hou et al. (2007b) and Loh et al. (2009) showed that an electrical impedance
tomography (EIT) algorithm (Brown 2003) could be used for mapping the spatial
conductivity distribution of CNT-based thin films. To produce this conductivity
map without having to probe every location in the film, EIT relied on a set of
instrumented electrodes along the boundaries of the thin film. This defined the
sensing area. Then, EIT utilized boundary current input and voltage measurements
for reconstructing the spatial conductivity distribution of the thin film (Borcea
2002; Brown 2003). By nature, the EIT inverse problem is an ill-posed problem,
and one set of boundary voltage measurements would be insufficient for deter-
mining the spatial conductivity map of the sensing area (Holder 2005). Thus,
electrical current was applied to numerous boundary electrodes, and sets of
boundary voltage measurements were obtained for each current injection case.
Since thin film conductivity (or resistivity) was correlated to applied strain, pH, or
other damage phenomena (Loh et al. 2007, 2008; Loh 2008), the spatial con-
ductivity maps were directly related to spatial damage in the underlying structure.

Previous works by Hou et al. (2007a, b) validated the EIT technique for spatial
conductivity mapping of the aforementioned layer-by-layer CNT-based thin films.
Square 25 x 25 mm?® SWNT-based thin films were instrumented with boundary
electrodes, and EIT was used to obtain baseline conductivity maps of these films.
Then, selected regions on the film surface were intentionally etched and removed
so as to create straight, diagonal, and L-shaped cuts (Hou et al. 2007b). These cuts
formed regions of zero conductivity in the film and were used for simulating some
change or extreme damage. After mechanical etching, EIT was conducted again to
obtain the relative change in thin film spatial conductivities. It was found that the
spatial conductivity maps visually represented that of the actual films, and they
could be used for identifying the locations of these cuts (Hou et al. 2007a, b). It
was also shown that the EIT-estimated spatial conductivities were within 2 % error
as compared to experimental measurements of the same film and sensing area.

With the EIT algorithm validated, these carbon nanotube sensing skins were
then used for SHM and laboratory tests. For example, sensing skins were coated
onto aluminum plates and mounted in an impact testing apparatus. It was shown
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Fig. 11.9 The sensing skins and EIT algorithm are tested by verifying that this method could
detect the location of drilled holes in sensing skin-enhanced GFRP panels. Each EIT image is
obtained after a new hole is drilled in the a center, b upper-left, ¢ lower-right, d upper-right,
e lower-left, f upper-center, g lower-center, h center-left, and i center-right of the composite
specimen (Loyola et al. 2013a). (Images provided courtesy of Sage publications)

that EIT was able to resolve the severity and location of four different magnitude
impact damage sites (Loh et al. 2009). The monitoring of spatial variations in pH
(i.e., as a precursor of corrosion) (Hou et al. 2007b) and changes in film con-
ductivity due to corrosion/rust formation (Pyo et al. 2011) were also validated.
More recently, an airbrushing technique for spray deposition of these CNT-
based sensing skins was developed for achieving rapid fabrication and field
applications (Mortensen et al. 2013). In short, an ink solution was created by
dispersing multi-walled carbon nanotubes (MWNT) in poly(sodium 4-styrene-
sulfonate) (PSS) and the mixing it with a latex solution. The ink and latex mixture



11 Bio-inspired Sensors for Structural Health Monitoring 269

could then be sprayed onto virtually any substrate including metals, glass, con-
crete, and plastic. In particular, sensing skins were sprayed and embedded in glass
fiber-reinforced polymer (FRP) composites during fabrication. Laboratory char-
acterization tests were conducted, and the results verified the detection of spatially
distributed impact damage (Loyola et al. 2013b) and drilled holes (Fig. 11.9)
(Loyola et al. 2013a), again, using EIT. While these bio-inspired sensing skins
demonstrated promise for SHM, more in-depth studies and larger-scale validation
tests are needed for transitioning this technology to the commercial domain.

11.5 Summary

This chapter summarizes recent developments in bio-inspired computational tools
and new technological developments for SHM. In particular, three specific areas
have been discussed. First, computational methods inspired by the BIS have been
shown to be applicable for distributed SHM sensing system. These computational
tools can be used for detecting sensor faults in the network, optimizing sensor
instrumentation strategy, or processing signals measured.

Second, mobile robotic sensors are inspired by different living being’s ability to
crawl or navigate around the world. These robotic devices offer the possibility of
measuring densely distributed structural response by crawling around the host
structure. Their small size and nimbleness allow them to navigate to inaccessible
or dangerous places.

Finally, thin film-based sensors inspired by the human dermatological system
(or skin) have also been proposed and validated in the laboratory. The skin is an
extremely unique organ in which densely distributed and multi-modal sensing is
accomplished in real-time. Recent developments in nanotechnology-enabled thin
film sensors or coatings have permitted the design of artificial sensing skins. For
instance, polymeric thin films that incorporate carbon nanotubes have been shown
to be sensitive to strain. When combined with an electrical impedance tomo-
graphic spatial conductivity algorithm, spatial sensing and the detection of damage
severity and location have been verified.

Despite numerous attempts of biomimicry, most artificial systems remain
inferior to its natural counterparts and still require expensive and tedious materials
processing. The authors expect that future trends in SHM will continue to see
further developments in biologically inspired sensing systems. Not only will
technological innovations mimic biological system behavior, but also, one could
expect systems that are assembled in the same manner as in biology. This possi-
bility is becoming more realistic, especially where the advent of nanotechnology
has permitted the “bottom-up” assembly of molecules to form macro-scale
devices. In addition, mechanisms ranging from actuation, healing, and energy
transduction, among many others, would become integrated for advancing SHM
and for achieving next-generation resilient infrastructure systems.
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