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ABSTRACT: SHM is an emerging interdisciplinary field with applications in condition 
assessment of engineered systems ranging from mechanical, aeronatuics and civil structures. 
From a systems point of view, it requires diagnostic and prognostic modules involving sensing 
computational, and analytical capabilities.  At the elemental level, it is more difficult to 
implement SHM in civil structures because of the size, heterogenuity of the materials, and 
service environments to which they are exposed.   This article discusses the direction of research 
necessary to transform the current state-of-the-art into revolutionary new engineered systems. 
Some examples of the research activities required to accomplish this include: (i) ubiquitous  
sensing capability for integration of existing or new construction for detection of micro-cracks 
and or micro-corrosion cells; (ii) energy harnessing techniques for development of self-
regenerative intelligent sensors; (iii) data processing and compression methodologies inspired 
by biological species that will be more efficient and selective in computation time resulting in 
real-time data processing capabilities; and (iv) nonlinear multi-physics based  methods for 
development of high resolution prognostic health monitoring techniques.   

 

1 INTRODUCTION 
Civil Structures are large and complex in construction, composed of different materials types, 
and some inherently heterogeneous in composition.  They consist of many inaccessible joints 
and connecting elements, and are fabricated under direct exposure to field environments. 
Existing technologies while adequate for many applications are not optimized for widespread 
usage. A bridge in a remote location or a pipeline stretching hundreds of kilometers or more 
somewhere in Alaska requires placement of many sensors, wiring (lead lines), local computers, 
power sources and online multi-channel data acquisition systems, signal transmission, data 
mining and prognostic damage assessment methodologies.  In the case of wireless sensors, the 
issues include delivery of power or recharging of batteries and efficient communication 
techniques.  Complexities involved in the deployment of SHM systems circumvents pervasive 
use in the infrastructure.   
Recently, thirty seven scientists and engineers from eight univeristies and three national 
laboratories gathered to work on a program to formulate a research plan to address the above-
mentioned issues.  Formulation of the research plan spanned over a period of eight months 
which culminated into a proposal to the National Science Foundation.   The proposal called for 
the establishment of a center of excellence with the mandate to perfrom basic research over a 
period of five to ten years.  The institutions included the University of Illinois at Chicago, 
Northwestern University, Northeastern University, University of Montana, University of Central 
Florida, Chicago State University, University of Alaska, and the New Jersey Institute of 
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Technology.  The vision and the objectives for creation of SHM methodologies of the twenty 
first century calls for  remote monitoring of many structures by using satellites or other types of 
aircraft; novel Nano-materials based sensors for detection of micro-cracks and or micro-
corrosion cells which can be 
incorporated into existing 
construction as coatings or can 
be embedded in new 
construction materials; wireless 
data exchange and energy 
delivery for powering the 
sensors; novel bio-inspired data 
fusion techniques for real time 
sensing and efficient 
manipulation of data and energy; 
and development of new 
generations of multiscale, 
multiphysics based damage 
simulation techniques 
commensurate with the new 
opportunities created by 
ubiquitous sensing (Fig.1).   
This article emphasizes in providing a synopsis of the research activities within the three 
interlocking thrust areas of the center: 
 
Multifunctional Materials and Systems 

1. Nano-sensors  
2. Integrated Materials  

Informatics  
3. Bio-inspired signal processing and data mining  
4. Remote sensing and power transmission  

 
Physics Based Modeling and Prognostics 

5. Multiphysics modeling  
6. Probabilistic damage prognosis  
7. Multiscale structural health monitoring  

2 MULTIFUNCTIONAL MATERIALS AND SYSTEMS 
Currently many institutions around the world are involved in the development of nano sensors 
for a variety of applications in physcial and biological sciences.  Obvious applications in SHM 
pertain to the development of novel nano-sensors which use the transduction capabilities of 
specific nano structures, materials or a combination to achieve optimum sensitivities for 
detection of micro-corrosion cells and micro cracks.  In the case of civil infrastructure systems 
research should also include the integration of the nano sensors in the construction materials, i.e.  
integration of the nano structured materials into coatings, for instance as paints or other types of 
admixtures for embedment or adhesion to construction materials.   
Examples of nanostructure based sensors investigated for applications in SHM include strain, 
corrosion and micro-crack sensors.  For instance,  nanostructured permeable flexible strain 
sensors are currently being made of polymer nanofibers (100 to 500 nm dia.) with embedded 
carbon black (CB) nanoparticles (nanocomposites) by means of electrospinning. Other 
nanoparticles (e.g. gold) can be used as well, however, CB are more economically feasible and 
sufficiently effective. The electrical resistance of the sensor is strongly affected by the induced 
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changes in the percolation characteristics of the embedded CB nanoparticles due to strain. The 
breach of percolation structure due to mechanical deformations of the nanocomposite is the 
underlying cause of the resistance change and is well suited for sensing deformations in real 
time (e.g. such as those encountered in the industrial-scale particulate filters when local 
clogging occurs, or deformations of three-dimensional construction components).  

3.1 Stability of Nanoparticle/Nanosensor Suspensions 

In an ideal homogeneous suspension, the distribution of the nanosensors/nanoparticles is 
dependent only on the concentration of the suspended phase and viscosity of the dispersed 
phase. However, because of the large surface to volume ratio, nanoparticle suspensions have 
high free energy potential. In order to reduce the energy potential, local phase separation usually 
happens in nanoparticle suspensions in a short period of time.  Several factors influence the rate 
and extent of agglomeration. (1) Nanosensor concentration directly affects agglomeration by 
influencing the average distance and rate of direct particle-to-particle interactions (Fig.2); (2) 
Rheological properties of the suspension affect the diffusion process and the shear stress applied 
on the surface of the particles; (3) Nanosensor properties, such as Zeta potential, morphology, 

and hydrophobicity, impact 
agglomeration by influencing 
repulsive or adhesive forces.  
These are important considerations in   
studying the stability of nanosensor-
integrated suspensions such as paints 
applied on the surfaces of civil 
structures and investigate the effects 
of nanosensor concentration and 
solvent combination on the stability 
and distribution of nanosensors;  
determination of the rheological 
properties of the mixture with the 
presence of nanosensors; and (3) 
optimize surface properties of the 
nanosensors to provide optimized 
stability and reliability. The surface 
properties of the nanosensors may be 
changed by depositing functionalized 
polymer layers on their surfaces. The 
polymer layer can create a steric 

repulsive force, which will balance with the van de Waals force and prevent agglomeration. 
More advantages can be achieved by using polymers to modify the surface of the nanosensors. 
For example, with the multifunctional surfaces, the nanosensors can be self-healing as well.  
Polymers can be easily designed to obtain responses according to the environmental changes, 
such as pH, temperature, stress, humidity, magnetic field and light(Aelion et al. 2009; Chen and 
Hoffman 1995; Gallego-Gallegos et al. 2009; Huynh et al. 2006; Ionov et al. 2006; Kumar et al. 
2007; Mohr et al. 2006; Scaffaro et al. 2008; Schmaljohann 2006).  

3. INFORMATICS 
Remote sensing, data acquistion, mining and signal processing are fundamental to every SHM 
project.  SHM is effective when data processing and interpreation is done accurately and in an 
expeditious manner.  Furthermore, it is more eficient for data to be collected from several 
structures simultaneously and remotely via satellites.   This process also provides opportunities 
for  Wireless Power Transmission involving delivery of energy to the sensors and the sensor 
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hubs remotely so that ubiquitous sensing is restored. Moreover, information needs to be 
extracted from the pervasive sensor systems and communicated under wireless-sensor-network 
(WSN).   

3.1 Bio-Inspired Signal Processing And Data Mining  

Effective civil structural health monitoring (CSHM) requires integration of data from various 
sensors, including weigh-in-motion data, structural, and environmental conditions.  Driven by 
the needs of survival over millions of years, biological systems have greater sensitivity to 
vibration, sound, wind, etc. than do man-made devices. Also, animal systems integrate input 
from sensors that monitor structural information at multiple sites on the body and correlate them 
with external information. Cells in the central nervous system (CNS) of insects such as crickets 
and cockroaches process inputs from a few thousand sensors of external information (wind 
flow, loads on body parts) with internal information (e.g., stresses in the exoskeleton) so that 
signals are interpreted in physically meaningful ways.  Principles used by the CNS (e.g., 
receptive fields, parallel processing of velocity/acceleration information) are not usually used in 
manufactured circuits, but could be.  

Furthermore, as animals age they must adaptively reorganize sensor networks to correct for loss 
of sensors and deterioration of function (e.g., Libersat et al. 2005). In civil structures, behavior 
and performance deteriorate over time. The needs for setting thresholds and effective 
monitoring of these changes are shown by means of data mining applied to sensor networks 
(Catbas, et al 2008). Sensor networks should evolve dynamically over time in response to the 
physical aging of a civil structure.  Understanding neural network adjustment as animals age can 

provide insights to how sensor networks should evolve over a civil structure’s life cycle.  

A powerful example of multi-sensor integration is provided by the mechanosensory systems of 
insects such as crickets and cockroaches (Comer and Robertson 2001; see Fig. 3). The cercal 
sensory system of these insects consists of approximately 2000 mechanosensory receptors on 2 
appendages on the rear of the abdomen, plus the neural circuits that analyze the data coming 
from these sensors. Substantial information is being developed about how cercal sensory signals 
are integrated within the CNS (e.g., Jacobs et al. 1986, Baba et al. 2001). The antennal sensory 
system on the head has revealed how mechanical signals are integrated with signals from other 
modalities to control behavior (Ye et al. 2003, Baba and Comer 2008). Building on these 
principles, bio-inspired methods will create an integral, cohesive data collection and analysis 
framework that is capable of (1) efficient data collection in large distributed heterogeneous 
sensor networks; (2) fast large scale data processing; (3) fusing and synchronizing multi-sensory 
data to make information meaningful; and (4) handling spatial and temporal data gaps due to 
sensor losses.  
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3.2  Wireless Power Transmission and Remote Sensing 

Development of simple yet robust and scalable mechanisms for powering multifunctional 
sensors using a remote/wireless low-power electromagnetic (EM) beam is a challenging 
proposal (Fig.4). Previous research on wireless sensor networks (WSNs) has clearly 
demonstrated that WSN lifetime depends on the availability of sustained energy. There has been 
significant research on battery-based energy supply in the past; however, in all such cases, the 
battery durability limits network lifetime (Raghunathan et al. 2002). Additionally, the size of the 
battery itself as compared to the size of the sensors, further precludes the applicability which 
implies one has to look for ambient energy-harvesting techniques. The literature on energy-
harvesting techniques (Sheah et al. 2009) for structural-health monitoring (SHM) based WSN is 
significant and several excellent articles have described methodologies for efficient energy 
scavenging based on principles encompassing harnessing energy from vibration, 
photoconductivity, EM beam. However, almost all of these energy- harvesting schemes 
demonstrate mesoscale implementation. For intelligent sensor application at nanoscopic level, a 
fundamentally different scientific approach is needed primarily from the standpoints of 

dimensionality and fabrication even 
if the sources of energy remain the 
same. 
For this reason current research 
schemes favor methods based on RF 
beam transmission techniques. In 
such a scheme, a WSN hub will 
transmit a RF beam to the sensor, 
which, apart from sensing 
mechanism, will have a tunable coil 
for receiving the RF beam. The 
tuning frequency of the receiver coil 
depends on the net impedance of the 
resonating circuit comprising the 
receiver coil and the sensor. Thus, 
when the frequency of the 

transmitted RF beam is close to the receiver tuning frequency, a distinct signature can be 
transported over the carrier (Loh et al. 2006). When the sensor is activated and its impedance 
changes, the tuning frequency of the receiver coil changes as well. Thus, a different transmitting 
frequency is required to excite resonance. It is these two distinct characteristic-frequency 
signatures, which will be the basis for distinguishing when a sensor has actually detected a 
desired event or outcome. 

4. PHYSICS BASED MODELING AND PROGNOSTICS  

Effective CSHM pertains to failure prevention, life cycle prediction and management of the 
infrastructure. Multi-physics modeling (MPM) addresses the issue of interplay between 
different physical processes at various scales responsible for the ultimate structural damage or 
degradation (Fig.5). Given a structure with micro-cracks, the MPM can be used to predict 
whether continued damage is likely to occur in a structure, and on what time scales. 
Probabilistic Damage prognostics on the other hand deals with the probability of catastrophic 
failure and estimation of remaining life in the context of various stages of the fracture process. 
The first is damage accumulation stage, which consists of nucleation and growth of sub-micro- 
and micro-defects. Crack growth constitutes the second stage of fracture process. Multiple crack 
interaction and formation of clusters of cracks is the third stage of fracture. The total lifetime is 
mainly the sum of the duration of the first and the second stages of fracture process. Therefore 
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evaluation of the duration of the first two stages of fracture and extrapolation into future 
(prognostics) of potential failure are critical in assessment of remaining life and reliability of 
structures. Multi-scale structural health monitoring is focused on assessing information about 
the state of a structure over a wide range of length scales from damage characterization at the 
nano- and micro-scales (10-9 to 10-6m) to damage assessment at the macroscale (100 to 103m).  

In multi-scale structural 
health monitoring the focus 
is on assessing information 
about the state of a structure 
over a wide range of length 
scales from damage 
characterization at the nano- 
and micro-scales (10-9 to 
10-6m) to damage 
assessment at the 
macroscale (100 to 103m). 
The issue of bridging 
information from such wide 
length scales remains a 
challenging problem in 
Structural Health 
Monitoring. Typically, 

global methods of SHM that characterize the overall response of the macroscale structure have 
operated independent of local methods which characterize incipient material damage in the 
structural components. Material degradation in the form of cracks and corrosion start at the 
nano- or micro-scale, but these have typically been detected primarily through their macro-scale 
consequences. For instance, stiffness loss caused by corrosion in a truss element may be 
monitored by changes in the overall strain distribution or modal frequency shifts of the entire 
structure. Unfortunately, global methods of SHM are not sensitive enough to provide early 
warning about local damage. A state-of-the-art SHM technique should be able to account for 
these phenomena in order to facilitate proper interpretation of sensor data.   

5. CONCLUSIONS 

The practice of SHM requires employment of robust, proven and mature technologies.  
However, fundamental research is necessary to expand the state-of-theart beyond the current 
boundaries.  This is necessary for the development of optimal SHM systems.  This article 
provides the basis for a new way of thinking for the development of the next generation of SHM 
methodologies.  New methodologies need to be developed for production of multi-functional 
materials, informatics and multi-physics based structural health monitoring techniques.  Sensors 
have to be self regenerative to avoid wiring and manual recharging operations in entity.   A new 
generation of data mining methodologies should be developed inspired by bio-species.  These 
methodologies will be more efficient and selective in computation time resulting in real-time 
data processing capabilities.  These sets of complementing technologies provide the means for 
autonomous assessment of civil infrastructure systems.  
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