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ABSTRACT 
 

This study presents an experimental study using an active sensing device, which consists of a 
miniaturized impedance measuring chip (AD5933) and a self-sensing macro-fiber composite (MFC) 
patch, to detect corrosion may occur in aluminum structures widely used for aerospace, civil and 
mechanical systems. A simple beam structure made from a 6063 T5 aluminum alloy was selected for 
corrosion detection testing. Four different corrosion cases with two different locations and two 
different degrees at each location were artificially inflicted on the beam by using hydrochloric (HCI) 
acid. In order to identify the degrees and locations of the corrosion, the electro-mechanical 
impedance-based damage detection technique using the proposed active sensing device was 
investigated. Root mean square deviation (RMSD) metric of the real part of the impedances obtained 
from the MFC patch was selected as a damage-sensitive feature. Experimental results have verified 
that the proposed approach can be an effective tool for detection and quantification of corrosion in 
aluminum structures.  
 
Keywords: active sensing, a miniaturized impedance measuring chip, a self-sensing macro-fiber 
composite patch, wireless telemetry, corrosion, structural health monitoring  

 
 

INTRODUCTION 
 
One of big challenges to the aviation industry is to assure adequate health monitoring techniques for 
structural components of an aircraft as long as it remains in service. In particular, widespread hidden 
corrosion, which degrades the structural integrity of the aircraft, is the primary threat for the aircraft. 
Figure 1 shows an Aloha Airlines 737 after corrosion accelerated fatigue failure caused the aircraft to 
lose the upper half of the fuselage during flight at 2400ft, April 28th, 1988 [1]. According to National 
Transportation Safety Board report, the operator’s maintenance program failed to detect the corrosion 
damage that lead to the failure. On the background of this aircraft incident, it can be said that the 
effective maintenance of the aging aircrafts is vitally dependent on implementing reliable 
nondestructive evaluation (NDE) methods. Recent advances in the NDE field have led to the 
development of novel techniques such as smart sensors / sensor networks, on-line health monitoring 
and wireless telemetry. As one of the typical examples, an automated electro-mechanical impedance-
based structural health monitoring (SHM) technique using piezoelectric materials has been 
investigated with keen interest as a powerful and innovative NDE method for local damage detection 
of a variety of structures, including aerospace, civil and mechanical systems [2-10]. The electro-
mechanical impedance-based SHM technique utilizes small piezoelectric ceramic (PZT) patches 
attached to a structure as self-sensing actuators to simultaneously excite the structure with high-
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frequency excitations, and monitor changes in the patch electrical impedance signature. Since the PZT 
is bonded directly to the structure of interest, it has been shown that the mechanical impedance of the 
structure is directly correlated with the electrical impedance of the PZT. Thus, by observing the 
electrical impedance of the PZT, assessments can be made about the integrity of the host structure. 
Conventionally, the electro-mechanical impedance method has required the use of impedance 
analyzers, including HP4194A. Such analyzers are bulky and expensive, and are not suited for 
permanent placement on a structure. With the current trend of SHM heading towards unobtrusive self-
contained sensors, the first step in meeting the low-cost, portable, and readily combined with a 
wireless telemetry requirements resulted in an active sensing device which consists of a miniaturized 
impedance measuring chip (AD5933) and a self-sensing macro-fiber composite (MFC) patch [11]. 
The on-board sensor system is active sensing system which interrogates a structure utilizing a self-
sensing MFC patch and the low-cost impedance method, and all the structural interrogation and data 
analysis is being pursued in near real-time at the sensor location.   

This study presents an experimental 
study using an active sensing device, 
which consists of a miniaturized 
impedance measuring chip (AD5933) 
and a self-sensing macro-fiber 
composite (MFC) patch to detect 
corrosion in an aluminum beam. A 
beam made from a 6063 T5 
aluminum alloy was selected for 
corrosion detection testing. Four 
different corrosion cases with two 
different locations and two different 
degrees at each location were 

artificially inflicted on the beam by using hydrochloric (HCI) acid. In order to identify the degrees and 
locations of the corrosion, the electro-mechanical impedance-based damage detection technique using 
the proposed active sensing device was investigated. Root mean square deviation (RMSD) metric of 
the real part of the impedances obtained from the MFC patch was selected as a damage-sensitive 
feature. Experimental results have verified that the proposed method is an effective tool for detection 
and quantification of corrosion which may occur in aluminum structures widely used for aerospace, 
civil, and mechanical systems.  

Figure 1.  A corrosion-induced failure in Aloha Airline 
Boeing 737 (April, 28th, 1988) [1]   

 
 

ELECTRO-MECHANICAL IMPEDANCE-BASED SHM USING MFC PATCHES 
 
Since the development of piezoceramic materials such as PZT (Lead-Zirconate-Titanate), they have 
been used extensively in the fields of sensing and actuation including the electro-mechanical 
impedance-based SHM techniques. However, these materials have several properties that limit their 
use in field applications. Due to the ceramic nature of the monolithic piezoelectric material, they are 
very brittle, making them vulnerable to accidental breakage during handling and bonding procedures. 
In addition, they have very poor ability to conform to curved surfaces and are very dense and stiff 
causing mass loading and localized stiffness to be a factor when working with very flexible or 
lightweight structures. These limitations have motivated researchers to develop alternative methods of 
manufacturing the next generation of piezoelectric material. To resolve the inadequacy of monolithic 
piezoceramic material for real applications, utilizing a composite material consisting of an active 
piezoceramic fiber embedded in a polymeric matrix was investigated. Typically, when in fiber form 
crystalline materials have much higher strengths, where the decrease in volume fraction of flaws leads 
to and increase in specific strength [12]. In addition to this added strength of the base material, the 
flexibility of the polymer matrix allows the piezoceramic fibers to have greatly increased 
conformability to curved surfaces and provides a protective shell around the piezoelectric material. 
This polymer shell allows the piezofiber to withstand impacts and harsh environments far better than 
those monolithic piezoelectric materials. The result of configuring the piezofiber inside a polymer 
matrix is an actuator that can be incorporated into or bonded to a variety of structures. Based on above 



background, macro-fiber composite (MFC) actuators were constructed at NASA Langley Research 
Center [13]. The MFC consists of three primary components; active piezoceramic fibers aligned in a 
unidirectional manner, inter-digitated electrodes (IDE), and an adhesive polymer matrix, as shown in 
Figure 2 [14]. The IDE is oriented orthogonal to the fiber direction allowing the larger d33 coefficient 
to couple the electric field to mechanical strain.  This greatly improves the level of excitation applied 
to the structure. When embedded in a surface of the host structure, the MFC provides distributed solid-
state deflection so as to efficiently excite the host structures. It is noted that the MFCs have directional 
sensing capability not seen in PZTs that could prove useful in damage location. In addition, the MFC 
electrodes are protected by Kapton, and would be robust sensors/actuators in corrosive environments. 
The MFC patches with above properties have been used as a self-sensing actuator for the electro-
mechanical impedance method in some previous studies [10, 15].  
 

 
Figure 2. A self-sensing macro-fiber composite (MFC) patch [14] 

 
 

A MINIATURIZED ACTIVE SENSING DEVICE FOR ELECTRO-MECHANICAL 
IMPEDANCE-BASED SHM 

 
One hardware component will need to measure the impedance of the structure of interest. Analog 
Devices has recently introduced single chip impedance measurement devices  such as AD5933 and 
AD5934 [16]. The AD5933 and AD5934 impedance chips are nearly identical except for their 
sampling speeds. The AD5933 has a 1 MHz sampling rate, while the AD5934 uses a 250 kHz 
sampling speed. In order to demonstrate the functionality of the new chips, Analog Devices developed 
evaluation boards for both of the chips. The AD5933 evaluation board and its block diagram can be 
seen in Figure 3 [16]. Using a USB connection and provided software, a user can make impedance 
measurements in the range of 10–100 kHz. The AD5933 primarily records the magnitude of the 
impedance. However, phase is also recorded, and the real and imaginary impedance components can 
be saved. In order to evaluate the possibility of incorporating the AD5933 chip, we compared the 
AD5933 impedance chip with the conventional impedance analyzer, HP4914A. The results of 
recording measurements in the 60–70 kHz frequency range are shown in Figure 4. The same response 
is seen with both the HP 4194A impedance analyzer and the AD5933 impedance chip, and the same 
peaks are shown at the same frequencies. The conventional electro-mechanical impedance-based SHM 
technique which uses HP4194A has never been attractive for real-world applications because they are 
bulky and expensive (around $40,000). Therefore, this study employs the AD5933 which is low-cost 
($150) and portable. Our final device incorporating this device would be an intelligent multi-
functional sensor which utilizes energy harvested from the ambient environment of the host structure, 
analyzes the sensing data on a single chip, and wirelessly provides the status of the structure to an end 
user. The big picture of the intelligent multi-functional sensor was conceptually designed by Inman 
and Grisso (2005), as illustrated in Figure 5 [17]. The risk alarming system in Figure 5 works as 
follow. With a small amount of damage, the pre-set threshold is exceeded. In the code, when the 
damage metric threshold is exceeded, a signal is sent to a digital output channel. This output sends a 
signal of a certain length and interval to the wireless transmitter. When the wireless receiver gets the 
signal from the transmitter, the LED may indicate damage by turning on for the same length at the 



same interval, essentially blinking (red light). With no damage, and with the intact state case came 
back from damaged state, no damage is indicated (green light). 
 

    
 

Figure 3. A miniaturized impedance measuring chip (AD5933) and block diagram [16] 
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Figure 4. A comparison between impedances obtained from HP4194A and AD5933 
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Figure 5. An intelligent multi-functional sensor design [17] 
 
 

EXPERIMENTAL STUDY 
 
In order to validate the effectiveness of the proposed method, an experimental study detecting 
corrosion in an aluminum beam was carried out. A simple beam of dimensions 83 x 2.54 x 0.2 cm3 
made from a 6063 T5 aluminum alloy was selected for corrosion detection testing. As shown in Figure 
6, the proposed active sensing device (AD5933-MFC) was utilized. Two MFC patches (MFCs #1 and 
#2) of dimensions 4.00 x 2.54 x 0.0267 cm3 were surface mounted at the locations 2.54 cm apart from 
the both edges of the specimen, respectively. A frequency range of 60–70 kHz was used for the 
MFC’s self-sensing actuation. First, the healthy baseline impedances were collected 20 times from the 



MFCs #1 and #2, respectively. And, four sets of impedance measurements with 20 samples for each 
set were performed for four different intact cases considering the ambient noise environments. Then, 
four different corrosion damage cases, at two different locations (distances of 18cm and 55cm away 
from the MFC #1) and with two different degrees (thickness reduction of 2.5% and 5%) at each 
location, were sequentially simulated, as described in Table 1 and Figure 7. The corrosion damage 
which covers a surface area of 2.54 x 2.54 cm2 was chemically inflicted by using hydrochloric (HCI) 
acid, as shown in Figure 8. After each corrosion incident, new impedance measurements were 
performed 20 times from the MFCs #1 and #2, respectively. The 20 times’ impedance measurements 
were taken over a one day-period considering temperature-varying application [18] and averaged for 
each damage case. The averaged impedance signatures obtained from the MFC #1 are displayed in 
Figure 9. As seen in Figure 9, the impedance signatures between different corrosion cases are clearly 
different from one another. These curves were analyzed using the root mean square deviation (RMSD) 
metric, with the results shown in Figure 10(a). The damage metric easily identifies the damaged cases 
(Cases 6-9) from the intact cases (Cases 2-5). The damage metric can also distinguish fairly well 
between different degrees of corrosion. As more and more corrosion are inflicted, larger RMSD values 
are yielded. Figure 10(b) presenting the RMSD results for the MFC #2 also shows very good 
capability for damage detection and quantification. However, it is not seen that the results can provide 
good damage locality information between MFCs #1 and #2. In other words, the proposed method did 
not perform well for the corrosion localization, so it may be necessary to combine the method with 
other NDE techniques like Lamb waves or acoustic emission methods to locate the corrosion damage 
more exactly.  
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Figure 6. A MFC patch associated with AD5933 surface mounted on an aluminum beam 

 
Table 1. Damage Description 

 
Cases Scenario Corrosion Degree Corrosion Location 
Case 1 Baseline - - 
Case 2 Intact 1 - - 
Case 3 Intact 2 - - 
Case 4 Intact 3 - - 
Case 5 Intact 4 - - 

Case 6 Corrosion 1 2.5 % thickness reduction 
(coverage area of 2.54 x 2.54 cm2) 18 cm away from the MFC #1 

Case 7 Corrosion 2 5.0 % thickness reduction 
(coverage area of 2.54 x 2.54 cm2) 18 cm away from the MFC #1 

Case 8 Corrosion 3 2.5 % thickness reduction 
(coverage area of 2.54 x 2.54 cm2) 55 cm away from the MFC #1 

Case 9 Corrosion 4 5.0 % thickness reduction 
(coverage area of 2.54 x 2.54 cm2) 55 cm away from the MFC #1 

 



Corrosion 3-4 Corrosion 1-2 

Figure 7. Test specimen configuration 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. Corrosion due to chemical reaction of acid on an aluminum beam 
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Figure 9. Impedance signatures using AD5933-MFC 
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Figure 10. RMSD metric-based damage detection results 
 
 

CONCLUSIONS 
 
This study presents experimental results using an active sensing device, which consists of a 
miniaturized impedance measuring chip (AD5933) and a self-sensing macro-fiber composite (MFC) 
patch to detect corrosion in an aluminum structure. The scope of this study is to experimentally verify 
how well the electro-mechanical impedance method using the proposed active sensing device can 
detect and quantify corrosion which may occur in aluminum structures. A simple beam made from a 
6063 T5 aluminum alloy was selected for corrosion detection testing. Four different corrosion cases 
(at two different locations and with two different corrosion depths at each location) artificially 
inflicted on the beam were investigated. The root mean square deviation (RMSD) metric of the real 
part of the impedances obtained from the active sensing device was selected as a damage-sensitive 
feature. As a result, the damage metric easily identified the damaged cases from the intact cases, and 
also distinguished fairly well between different degrees of the corrosion. In other words, it can be 
concluded that the proposed method can be an effective tool for detecting and quantifying corrosion in 
aluminum structures. However, the method is unable to detect the location of the damage. The current 
method did not perform well for the corrosion localization, so it may be necessary to combine the 
method with other NDE techniques like Lamb waves or acoustic emission methods to locate the 
corrosion damage more exactly. The present approach yields an improved methodology for real-time 
corrosion detection in aluminum structures. One can envision the current active sensing device placed 
on in service large structures including airplanes or spacecrafts to detect the promising corrosion 
damage. A significant safety enhancement and broad cost savings are predicted through the wide 
application of this novel method for corrosion detection and failure prevention. 
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