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Abstract 
Structural Health Monitoring (SHM) and self-healing materials are both areas of current, 

ongoing scientific research toward intelligent, maintenance-free materials.  SHM has 
developed techniques to detect, locate, characterize, and quantify damage in simple and 
complex structures.  Simultaneously, self-healing materials have been developed with an 
intrinsic capability to mend themselves, restoring mechanical properties after damage occurs.  
These technologies have largely been developed independently, but together could lead to the 
use of lighter weight structures that can incur, detect, and automatically heal damage without 
catastrophic failure as well as inspect the structural integrity of healed structures and estimate 
residual healing capabilities that could be applied if further damage occurred in the future.  
However, there are significant challenges to integrating these technologies. 

 
Each technology has developed multiple approaches but has been developed with 

fundamental incompatibilities.  For example, samples of self-healing materials are often 
relatively thick (order centimeters) and composed of materials with low strain wave 
propagation speeds, or even containing encapsulated liquid, leading to short attenuated 
ultrasonic waveforms propagating in thick structures and inhibiting electromagnetic SHM. 

 
This paper presents initial studies, experiments, results, and analyses integrating structural 

health monitoring with self-healing materials.  This preliminary study focuses on ultrasonic 
SHM with metal matrix self-healing composites containing shape memory alloys to enable 
crack closing capabilities.  Initial techniques, data, and capabilities of detecting damaged and 
healed states of a self-healing structure using ultrasonic SHM are presented demonstrating a 
fundamental potential to identify damaged and healed states in a basic system.   

 
Remaining challenges and potential approaches in both fields are presented including 

tuning self-healing materials to support SHM, characterizing healed structures with embedded 
SHM systems, determining remaining intrinsic healing potential of self-healing materials, and 
integrating combined SHM techniques with alternate or more complex self-healing materials. 
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1 INTRODUCTION 

Structural Health Monitoring (SHM) and self-healing materials are complementary areas of 
current, ongoing scientific research with similar goals of developing intelligent, maintenance 
free materials.  These fields seek to improve the safety and efficiency of engineered structures 
ranging from vehicles to civil infrastructure while reducing maintenance costs.  Each field 
takes a different approach to mitigate the effects of damage and prevent catastrophic failure 
improving safety.  This mitigation will also result in a shift in design with reduced margins, 
enabling the creation of lighter weight, more fuel efficient vehicles [1, 2, 3].  Real time 
knowledge of damage will enable a shift from maintenance schedules to condition based 
maintenance, or modified performance envelopes and self-healing capabilities will enable 
repairs without disruption to service completing the closed loop damage-repair cycle illustrated 
in Figure 1.  However, to date the fields have developed independently despite their 
complementary capabilities. 

 
 

 

2 BACKGROUND 

2.1 Structural health monitoring 

SHM takes the approach of permanently integrating sensors into structures to enable real 
time automated damage detection.  Knowledge of the state of damage can be used to refine 
operational envelopes or plan maintenance and repairs as necessary.  The permanent nature of 
these systems reduces signal variation and potential for user error enabling a greater level of 
automation and autonomy than traditional Non-Destructive Evaluation (NDE) [4].  Many 
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Figure 1 – The damage cycle of self-healing materials with structural health monitoring capabilities 
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approaches have been employed to detect damage with SHM systems including ultrasonic 
methods, strain mapping, and eddy current analysis [5, 6].  Ultrasonic techniques are among 
the most common because of their many benefits including:  sensitivity to multiple forms of 
damage, ability to locate damage, broad structural coverage with a sparse array of sensors, and 
ability to place hardware in locations removed from anticipated damage [7, 8, 9].  Despite these 
advantages, ultrasonic waveforms can be hard to interpret and detection of damage smaller 
than one half the wavelength of the ultrasonic signal is an ongoing challenge requiring specific 
setups, calibration, and complex analysis techniques [10, 11, 12].  Self-healing materials 
provide an alternative approach where these issues are not as critical. 

2.2 Self-healing materials 

Self-healing materials avoid catastrophic failure by creating an intrinsic ability for the 
material to repair itself after a damaging event. Many techniques have been developed to 
accomplish this including integration of shape memory fibers that bridge a crack and enable 
crack closing of a metallic or polymer matrix.  Encapsulated healing agents, which can be 
thermoset, polymeric, catalytically activated, or solder based, can also be integrated into a 
structure. 

Self-Healing materials have been classified into two groups: autonomic which heal without 
actuation, and nonautonomic which require external actuation [13].  Nonautonomic self-
healing materials require knowledge of the existence and location of damage so that energy 
can be applied to actuate healing in the correct location. 

The most basic self-healing materials simply have the ability to close a crack.  This 
simplicity has led to the development of multiple systems of shape memory material combined 
with different matrices in composite structures, often with very low fiber fractions [14, 15, 16].   

Much of the work on self-healing materials has focused on empirically demonstrating the 
ability to close and/or seal a crack.  The thermodynamics and kinetics of self-healing are 
currently not well understood, and a broad framework for design of self-healing microstructure 
has yet to be developed. 

 
The unique capabilities and remaining challenges in these technologies complement each 

other. For example, in nonautonomous self-healing materials with crack closing capabilities 
employing shape memory fibers in a matrix, it is typical to heat the entire structure to actuate 
healing.  Knowledge of the existence of damage is assumed and location is ignored.  Structural 
health monitoring can solve these issues by detecting the damage existence and identifying 
damage location, addressing the real issue of damage existence and enabling localized heating 
to actuate healing, reducing energy requirements.  

3 APPROACH 

This preliminary research seeks to integrate two of the most common and fundamental 
technologies from each field to demonstrate initial compatibility and identify challenges and 
areas of future research. 

4 RESULTS 

 
As an initial proof of concept, piezoelectric transducers were adhered to two distinct 

samples to inspect ultrasonic wave propagation capabilities in soft metals and across closed 
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cracks in self-healing materials.  In each case, two 
piezoceramic transducers measuring 6 mm in 
diameter and 1 mm thick, composed of APC-850 Lead 
Zirconate Titanate (PZT) material were adhered to 
each sample [17].  In both cases, the system was 
actuated with a Hann windowed 5 peak tone burst 
centered at 350 kHz using a Keysight 33500B 
waveform generator amplified to ±40 Volts using a 
Krohn-Hite 7602M amplifier.  A Tektronix MDO-
3014 oscilloscope triggered on the actuation signal 
and then collected data on the actuation input and 
sensed signal at a sampling rate of 50 MHz.  An 
example test setup is shown in Figure 2.  The results 
of these experiments are discussed in the following 
subsections. 

4.1) Experimental ultrasonic testing of metals 
with low melting temperature and slow wave 
propagation 

Metals of low melting temperature are of interest 
for this research such as solders, Tin and Zinc.  While 
not structural, many current basic self-healing 
materials are composed of them because they allow 
for casting of the self-healing materials with crack 
closing capabilities without exceeding the training 
temperature of NiTi shape memory alloy [18, 19].  It 
is anticipated that future development will enable the 
use of stiffer structural materials perhaps in 
conjunction with more advanced shape memory fibers 
possessing higher training and transition 
temperatures.  However, the current technology is 
potentially limiting in this study because the metals 
currently in use typically have: low stiffness, low 
speed of sound, and high damping compared to the 
aluminum or steel often inspected with ultrasonics as 
illustrated  by the data in Table 1 [20, 21]. 

 

 

 Longitudinal 

(m/s) 

Transversal 

(m/s) 

Extensional 

(m/s) 

Steel 5790 3100 5000 

Aluminum 

(Al) 

6420 3040 5000 

Tin (Sn) 3320 1670 2730 

Zinc (ZN) 4210 2440 3850 

Table 1 – Wave speeds in various materials of interest 
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To ensure experimental capabilities, a simple 
plate of 99% pure Tin plate measuring 30.6 cm by 
30.7 cm by 4 mm thick was equipped with 
piezoceramics 20.6 cm apart and a signal was 
propagated between the piezoceramic transducers.  
The actuation signal is shown in blue in Figure 3.  
The sensed signal is shown in green in Figure 3.  The 
sensed signal was very strong with peak voltages 
near ±0.2V and much of the signal around ±0.050 
V, well above the noise floor.  

A travel time of approximately 0.000112 seconds 
was measured for the first arrival which corresponds 
to the signal traveling 0.200 m at 1785 m/s. 

4.2) Experimental ultrasonic testing of wave 
propagation across a crack in a thick self-healing, crack closing structure 

A sample of a zinc alloy with crack 
closing capabilities, shown in Figure 4, 
was also tested for basic compatibility.  
Piezoceramic transducers were adhered to 
the specimen 79 mm apart (on center, in the 
closed state).  The specimen had an initial 
crack before the piezoceramics were 
adhered to it.  The crack was created by 
etching a stress concentration into the 
specimen and then mechanically 
overloading it in tension.  The self-healing, 
crack closing zinc alloy was subjected to 
cycling with data taken in: a ‘crack closed’ 
state, like that shown in Figure 5, an open 
state with a 2 mm gap like that shown in 
Figure 6, and another closed state like that  
shown in Figure 5 through 3 crack opening events. 

The, far from ideal, sample measured 9.7 cm by 3.4 cm by 1.4.cm in the closed state.  As a 
result, the wave propagation is likely better modeled as a surface or Rayleigh wave, not a Lamb 
wave.  Surface and Rayleigh waves are most sensitive to surface conditions with decreasing 
sensitivity through the depth of the structure.  In this specific work, that is not critical because 
the cracking is through the entire thickness.  However, in future work thinner samples better 
suited to Lamb wave propagation will be developed.  While the propagated strain signal was 
weak, the signal showed unique traits in the open and closed states.  Conditioning of the signals 
involved averaging them over 4 consecutive datasets taken in the same condition and smoothed 
to reduce high frequency noise.  The data was also centered to a mean Voltage of 0 V, removing 
any DC offset. 

The first observed signal to arrive, above the noise floor, for this series of tests is shown in 
Figure 7.  The left hand column of plots in Figure 7 is data collected in ‘crack closed’ states, 
corresponding to Figure 5, and the right hand column is data collected in ‘crack open’ states 
corresponding to Figure 6, with each row being data from an initial ‘crack closed’ state and  

Figure 4 – Thick self-healing Zinc alloy for initial 
testing. 
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Figure 7 – First arrival of signals propagated in small thick samples of self-healing materials 
with crack closing capabilities in the closed (left column) and open (right column) states. 

Figure 5 – Specimen in the ‘crack 
closed’ state 
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Figure 6 – Specimen in the ‘crack open’ 
state with a 2 mm gap (enlarged to the 

right showing bridging NiTi wires) 
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then the subsequent ‘crack open’ state, and the row below being data from the next ‘crack 
(re)closed’ state, and following crack (re)opened state.  The consistency of the signals in the 
left column (‘crack closed’ state) combined with the differences compared to the right column 
(‘crack open’ state), indicates the potential to automate and identify these two states in the 
structure.  Variation exists between signals in the different ‘crack closed’ cases and increases 
over cycling.  This variation is likely due to increasing damage through cycling, changing the 
structure, combined with changes in contact caused in part because the means of opening the 
crack was poorly controlled.  Signal variation will need to be analyzed and compensated in 
order to automate systems for SHM. 

The fact that there are signals in the open state, though weaker, also indicates that some 
wave propagation occurs through the bridging structure.  Analysis of this phenomena could 
provide insights into identifying signal traits of the two structural states.  Additional significant 
signal differences between the two states occurred later in the signal, however, that region of 
the signal also contains reflections and constructive and destructive interference which is 
prohibitively complex to analyze and therefore is regularly discarded.  

5 CONCLUSION & FUTURE WORK 

This experiment found potential to integrate ultrasonic SHM with self-healing materials 
with crack closing capabilities, as indicated by signal consistency in ‘crack open’ states as 
opposed to ‘crack closed’ states.  Significant work remains to understand these signals, signal 
properties, and signal variation.  A major step to support this research would be to produce 
stronger signals, clearly above the noise floor, and reduce or delay the arrival of reflections.  
To that end, self-healing samples are under development which are intended to be better tuned 
to the integration of ultrasonic structural health monitoring systems.  Specific goals are to make 
the samples: 

  Thinner to promote lamb wave propagation that is a full plate wave and contains multiple 
wave modes.  [22, 23]  Larger in lateral dimensions to reduce the effect of reflections.  Generate significant crack closing forces to better promote strain wave propagation across 
the closed crack. [24] 

 
Modifying the form of the specimens will support collection of better data, but analysis and 

theory remain to be developed to enable automated SHM in self-healing materials.  Ongoing 
work is seeking to: 

  Compensate for signal changes between ‘crack closed’ states through cycles and 
accumulated damage.  Identify signal traits indicative of generic ‘crack closed’ and ‘crack open’ states.  Model ultrasonic wave propagation across crack bridging fibers and accounting for 
disbonding between the shape memory fibers and damaged matrix.  This may be particularly 
complicated due to the complex nature of shape memory materials which may have varying 
properties due to the strain exposed to and temperature cycling  

 
Integrating Structural Health Monitoring systems into self-healing materials has the 

potential to advance both technologies and the broader field of intelligent structures leading to 
improved safety and efficiency of engineered systems.  These systems take two complementary 
approaches toward the same goal and simultaneous deployment can make a system with greater 
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capabilities than the sum of the parts.  Structural health monitoring has limitations on accurate 
location, characterization, and quantification of small scale damage that self-healing materials 
can tolerate and mend autonomically.  Conversely, larger scale damage can be detected by 
SHM that could then automatically actuate non-autonomic self-healing systems.   

Future development may also enable SHM systems to analyze the mechanical properties of 
the healed structure and estimate residual healing capability in a self-healing structure to mend 
possible future damage.  These capabilities would serve to verify the quality of a mend in a 
structure after healing and provide information about the operational envelope and tolerable 
future damage.  Estimation of remaining healing agents could be accomplished based on the 
extent of damage repaired or more direct measurement of the presence of liquid agents that 
would attenuate ultrasonic signals or alter electrical conductivity.  These goals present 
significant challenges that are not new to SHM, however, the automated nature of repair in 
self-healing materials will help to reduce structural variations supporting automated SHM 
analysis at a level not previously possible [25, 26]. 

The inherent complexity of self-healing materials that may include combinations of shape 
memory materials, encapsulated liquid mending agents, and chemical catalysts also 
complicates analysis.  SHM has demonstrated the capability to inspect complex structures, 
using different SHM technologies (e.g. ultrasonics, eddy currents, strain mapping) [27].  
Integration of multiple heterogeneous sensing systems enabled by microfabricated sensor 
networks provides another path to address structural complexity [28, 29, 30, 31].  The inherent 
composite nature of self-healing materials also supports embedding sensor networks [32]. 

Prudent harmonious system design and integration of SHM with self-healing materials can 
also improve capabilities.  SHM capabilities could guide the development of a design 
framework for self-healing microstructure that simultaneously addresses electrical resistance, 
ultrasonic attenuation, generation of acoustic emissions, and repair activation in pristine, 
damaged, and healed states [33].  Initial studies, like this one, must focus on simplified systems 
to build a foundation on which to build more complex and complete systems. 
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