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Abstract. Structural health monitoring relies on the correct functionality of surface-attached or 
embedded sensors to detect changes in the condition of the investigated part. Departures from 
a baseline signal indicate variations in the properties of the part, as for example, fatigue crack 
initiation and growth in cyclically loaded structures. In the case of printed circuit board, planar 
eddy current copper coils, special considerations have to be taken in order to assure that the 
sensing coil is properly operating in the high strain field of a growing crack. Bonding materials 
with appropriate elastic properties, used to attach the eddy current sensors to the structure, need 
to be carefully selected as to minimize load transfer from the part to the coil traces. Micro-
cracking and fatigue of the coil material could locally modify the electrical resistance of the 
coil and provide erroneous damage indications. In this work, two adhesives of largely different 
stiffness are used to attach spiral eddy current coils meant to monitor growing fatigue cracks 
initiated from fastener holes in aluminum alloy specimens under cyclic uniaxial tensile stress. 
Only the more flexible adhesive material allowed survivability of the eddy current sensor. The 
rigid one is believed to facilitate load transfer from the metallic substrate, resulting in micro-
cracking in the coil’s traces that affect the electrical response supposed to indicate the damage 
growth. In this work, the empirical findings are supported by numerical simulation looking into 
variations of the bonding material stiffness and thickness. These outcomes are meant to aid in 
the selection of the adhesives that will assure proper functionality and survivability of the 
surface-attached eddy current sensors in structural health monitoring for damage detection 
applications. 

Key words: Finite Element Model, Structural Health Monitoring, Eddy Current, Printed Circuit 
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1 INTRODUCTION 
On-board, in-situ condition assessment with miniaturized, embedded sensors advocates for 

changing the maintenance philosophy from a time-based to a condition-based approach, a 
concept named retirement for cause. In the long run, this approach is seen to reduce costs, 
improve safety of the mission and increase availability of the platform. In many instances, 
condition-based monitoring consists of in-situ non-destructive testing (NDT) techniques for on-
demand inspections without structure disassembly. Miniaturization of sensors, along with 
advances in printed electronics, are supporting the field of condition monitoring.  

Ideally, the link between damage indication and physical damage, i.e. between the sensor 
signal feature and discontinuity is proportional. In reality, this is not clearly defined and could 
results in a high number of false positives (i.e. indication of damage when no damage is 
present.) The evaluation of damage is routinely performed via comparison to a reference or a 
baseline signal of the same sensors from an earlier instance. This approach is employed in the 
case of slow-growing, cumulative type of damage, such as corrosion or fatigue cracking. 
However, in order for it to be effective, it is assumed that the sensor operation stays the same 
and all the external conditions are not affecting the outcome of the measuring. On the other 
hand, the same conditions that are producing damage in the structure could damage the 
monitoring system. 

The eddy current is one of the mainstream nondestructive testing methods, used for the 
inspection of metallic components and structures, especially in the nuclear and aerospace 
industries, but not only. In this work, printed circuit board (PCB) spiral coils are proposed for 
eddy current detection and monitoring of fatigue cracks initiated at the fastener holes in 
aluminum aircraft structures. By passing a time-varying current through the coil, it creates a 
magnetic field coupled to the part under test that induces eddy currents in the latter. Planar 
circular PCB coils are flexible, surface conformable, easily attached to the surface of the part 
and suitable for embedment in multi-layered structures. In addition, they are light weight, 
occupy small volume and are economical to produce.  

When the sensor and the substrate material have synchronous mechanical performance, the 
crack monitoring sensor has a sacrificial role [1] and the lack of response of the sensor is used 
as a binary screening system of crack growth. An important role is that of the bonding material 
used to attach the sensor to the structure, since a rigid bond would transfer the load to the sensor 
and cause them to fail, while a weak bond would cause the sensor to detach during loading [2]. 
In this work, the sensor survivability is essential not only for crack detection, but also for crack 
growth monitoring. It examines the bonding material’s elastic properties and its role in 
transferring the load to the crack monitoring sensor.  

2 EXPERIMENTAL DETAILS 
Metallic structures exposed to cyclic loading are prone to crack initiation and growth. In 

order to detect these cracks long before they become critical, planar circular PCB coils are 
attached symmetrically around fastener holes of 4.62 mm diameter in 7075-T6 aluminum alloy 
coupons of 6.35 mm thickness.  The gauge area of the test piece is of 50.8 x 50.8 mm. Two 
holes, with a center-to-center distance of 30.5 mm are introduced in each coupon. To be 
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HIIHFWLYH�� QRW� RQO\� WKH� FRLOV� IXQFWLRQDOLW\� DQG� RXWSXWV� VKRXOG� EH� UHOLDEOH�� EXW� WKH� ERQGLQJ�
PDWHULDO�XVHG�WR�DWWDFK�WKHP�WR�WKH�VWUXFWXUH�QHHGV�WR�EH�OLJKW��WKLQ��DQG�GXUDEOH.�$�VFKHPDWLF�RI�
WKH�WHVW�FRXSRQ�LV�VKRZQ�LQ�)LJXUH�1��ZLWK�D�GHWDLOHG�YLHZ�RI�WKH�WZR�KROHV��HDFK�FRQWDLQLQJ�D�
VWDUWHU�HOHFWULFDOO\�GLVFKDUJH�PDFKLQLQJ��('0��QRWFK�RI�0.25�PP.�7KH�ERWWRP�QRWFK�LV�DFWLQJ�
DV�D�VWUHVV�FRQFHQWUDWRU�WR�IDYRU�SODVWLF�GHIRUPDWLRQ�DQG�LW�LV�H[SHFWHG�WR�LQLWLDWH�D�FUDFN�JURZWK�
XQGHU�WKH�WHQVLOH�VWUHVV�DSSOLHG�WR� WKH�FRXSRQ.�7KH�FUDFN�RULHQWDWLRQ�ZLWK� UHVSHFW� WR� WKH�FRLO�
ZLQGLQJV�DOORZ�PD[LPXP�HOHFWURPDJQHWLF�LQWHUDFWLRQ�DQG�VHQVLWLYLW\�>�@.�7KH�XSSHU�QRWFK�LV�
QRW�H[SHFWHG�WR�JURZ�D�FUDFN��EXW�LV�LQWURGXFHG�DV�D�UHIHUHQFH�IRU�WKH�HGG\�FXUUHQW�IORZ�DURXQG�
WKH�ERWWRP�RQH.�7KH�FRXSRQ�ZDV�F\FOLFDOO\�ORDGHG�DW�15�+]�XVLQJ�D�VLQH�ZDYH�ZLWK�DQ�DPSOLWXGH�
RI�55�03D�DQG�D�VWUHVV�UDWLR�RI�0.1.

Figure 1: /HIW��VFKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�WHVW�FRXSRQ��ZLWK�D�GHWDLOHG�YLHZ�RI�WKH�KROHV�DQG�('0�
QRWFKHV.�5LJKW��SKRWRJUDSK�RI�WKH�LQVWUXPHQWHG�FRXSRQ�LQ�WKH�ORDGLQJ�IUDPH.

,Q�WKLV ZRUN��WKH�VSLUDO�FRLOV�DUH�RSHUDWLQJ�LQ�DQ�DEVROXWH�PRGH��PHDQLQJ�WKDW�WKH�VDPH�FRLO�
LV�XVHG�IRU�H[FLWDWLRQ�DQG�VHQVLQJ.�7KH�GULYLQJ�FXUUHQW�WKURXJK�WKH�FRLO�LV�FUHDWLQJ�WKH�PDJQHWLF�
ILHOG�WKDW�LQGXFHV�HGG\�FXUUHQWV�LQ�WKH�SDUW��ZKLOH�WKHVH�DUH�FUHDWLQJ�D VHFRQGDU\�ILHOG�ZKLFK��LQ�
WXUQ��PRGLILHV�WKH�YROWDJH�GURS�DFURVV�WKH�FRLO�>4@.�7KH�HGG\�FXUUHQW�IORZ�SDWK�DQG�GHQVLW\�DUH�
LQGLFDWLYH� RI� WKH� SDUW� HOHFWURPDJQHWLF� SURSHUWLHV�� LQFOXGLQJ� WKH� SUHVHQFH� RI� JHRPHWULFDO�
GLVFRQWLQXLWLHV�GXH�WR�WKH�SUHVHQFH�RI�GHIHFWV.�$�FUDFN�LV�HVVHQWLDOO\�D�EDUULHU�LQ�WKH�IUHH�IORZ�RI�
WKH� HGG\� FXUUHQWV� DQG� LW� LV� D� ORFDO� GURS� LQ� WKH� PDWHULDO� FRQGXFWLYLW\.� 7KH� PRQLWRULQJ� FRLO�
LPSHGDQFH�ZLWK�WKH�JURZLQJ�FUDFN�ZDV�IRXQG�WR�EH�D�VHQVLWLYH�HPSLULFDO�SDUDPHWHU�>4@.

7KH�3&%�FRLOV�XVHG� LQ� WKLV�VWXG\�DUH�17.5�P�WKLFN�FRSSHU� WUDFHV��RI��00�P�ZLGWK�DQG�
DSSUR[LPDWHO\� WKH� VDPH� VSDFLQJ� EHWZHHQ� WKH� WUDFHV.� 7R� DVVXUH� HOHFWULFDO� LQVXODWLRQ� DQG�
HQYLURQPHQWDO�SURWHFWLRQ��WKH�FRSSHU�WUDFHV�DUH�HQFDSVXODWHG�EHWZHHQ�WZR�OD\HUV�RI�SRO\LPLGH�
RI�50�P�WKLFNQHVV��ZLWK�RQO\�WKH�HQG�FRQQHFWRUV�H[SRVHG. ,Q�WKLV�VWXG\�� WZR�FRXSRQV�ZHUH�
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tested, each using a different bonding material to attach the planar coil to the aluminum part. 
The coupons were instrumented with the two surface-bonded coils each, as shown in Figure 1, 
but differing in terms of the bonding material. For the first coupon, a typical general-purpose 
adhesive was used, i.e. M-Bond 200 from Micro Measurement [5] with the bond layer thickness 
of 25 m. This is a general purpose adhesive, commonly used to attach strain gauges to aircraft 
structures. For the second coupon, SI 5140RTV from Loctite [6] was used. This more flexible 
silicone-based adhesive was expected to reduce the load transfer to the coil. The silicone 
adhesive layer in this case was 100 m. The elongation at break for the two bonding materials, 
as given by the manufacturers, are more than 5% for the M-Bond 200 and more than 150% for 
the SI 5140 Loctite. 

2.1 Experimental setup 
The crack growth curve is obtained by using marker bands on an un-instrumented coupon. 

The crack growth curve is shown in Figure 2 below. For the coupons instrumented with attached 
planar coils, the same crack growth curve is assumed, although the number of cycles necessary 
to nucleate the crack could (and did) vary. The crack nucleation is dependent on many 
macroscopic and microscopic variables and the latter ones are responsible the crack initiation. 
For the two instrumented coupons, the crack length at the end of the test is measured via surface 
eddy current scans [4] and the crack growth equation is used to determine when the crack started 
growing. Since the number of cycles necessary to have a nucleating crack could vary from 
specimen to specimen, depending on surface condition and grain boundaries arrangement, the 
crack growth curve of the instrumented specimens is assumed to have the same shape as the 
one obtained a-priori on the un-instrumented one, but translated by a constant value for the 
number of cycles for which the crack starts to grow. Therefore, the crack length at the end of 
the test is determined by surface scans eddy current at the far-side of the coupons (opposite to 
the ones on which the planar coils are attached) and the crack length at various probing intervals 
determined based on the equation from the un-instrumented specimen.  

The impedance through the coils is determined as the ratio of the voltage drop across them 
to the current passing to a series resistance. The relative change in the impedance of the crack-
monitoring coil with respect to the reference one was found to be a sufficiently sensitive feature 
for further analysis [4]. The presence of a crack lowers the mutual coupling between the part 
and the monitoring coil, resulting in an increased coil impedance.  

The fatigue test was stopped at various intervals to take impedance measurements in static 
conditions. These measurements were performed while the coupons were unloaded and in 
loaded conditions at maximum applied stress of 55 MPa (8 ksi). Since a malfunction of the coil 
is apparent only in the loaded conditions, it is assumed that micro-cracking in the copper traces 
of the crack monitoring coil are increasing its resistance. Independent measurements of the 
reference coil’s resistance indicate a constant value, irrespective of the applied load to the 
specimen. 
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Figure 2: &UDFN�JURZWK�FXUYH�REWDLQHG�XVLQJ�PDUNHU�EDQGV.�7KH�FUDFN�OHQJWK��c YDULHV�H[SRQHQWLDOO\�ZLWK�WKH�
QXPEHU�RI�F\FOHV��N.

2.2 Experimental results
)RU�FUDFN�GHWHFWLRQ�DQG�PRQLWRULQJ�SXUSRVHV��WKH�LPSHGDQFH�RI�WKH�PRQLWRULQJ�FRLO��GHQRWHG�

E\�Z��LV�HYDOXDWHG�DV�D�UHODWLYH�FKDQJH�IURP�WKH�RQH�RI�WKH�UHIHUHQFH�FRLO��Zref.�(OHFWURPDJQHWLF�
QXPHULFDO�VLPXODWLRQV�DOVR�LQGLFDWHG�WKH�KLJKHVW�VHQVLWLYLW\�WR�FRQGXFWLYLW\�FKDQJHV�DW�GULYLQJ�
IUHTXHQFLHV�WR�EH�DURXQG�1�0+]�>4@.�7KH�H[SHULPHQWDO�UHVXOWV�RI�WKH�UHODWLYH�LPSHGDQFH�FKDQJH�
ZLWK�WKH�HVWLPDWHG�FUDFN�OHQJWK�IRU�WKH�GULYLQJ�IUHTXHQFLHV�RI�0.5��1.0��2.0�0+]�ZHUH�DQDO\]HG.�
,Q�)LJXUHV���DQG 4��WKH�UHODWLYH�FKDQJH�RI�LQGXFWDQFH�LV�VKRZQ�ZKHQ�D�VWDWLF�ORDG�RI�55�03D�
�8 NVL��ZDV�PRPHQWDULO\�DSSOLHG�GXULQJ�WKH�GDWD�UHFRUGLQJ.�,Q�)LJXUHV���DQG�4�WKH�FUDFN�OHQJWK�
LV�PHDVXUHG�IURP�WKH�WLS�RI�WKH�0.25�PP�ORQJ��0.25�PP�ZLGH�VWDUWHU�QRWFK.

)RU�WKH�0�ERQG�DGKHVLYH��WKH�UHODWLYH�FKDQJH�LQ�WKH�FRLO�LPSHGDQFH�VKRZV�D�GLVWLQFWLYH�MXPS�
LQ�YDOXHV�DURXQG�WKH�FUDFN�QXFOHDWLRQ��MXVW�DW�WKH�WLS�RI�WKH�0.25�PP�VWDUWHU�QRWFK��DV�GXH�WR�WKH�
SODVWLF�GDPDJH�FUHDWHG�E\�WKH�ORFDO�VWUHVV�FRQFHQWUDWLRQ.�:KLOH�WKLV�EHKDYLRU�KDV�YDOXH�LQ�WHUPV�
RI�VFUHHQLQJ�IRU�D�FUDFN��DV�D�³JR�± QR�JR´�ELQDU\�DSSURDFK��LW�FRXOG�QRW�EH�HPSOR\HG�IRU�FUDFN�
JURZWK�PRQLWRULQJ.�2Q�WKH�RWKHU�KDQG��ZKHQ�XVLQJ�WKH�PRUH�IOH[LEOH�DGKHVLYH��WKH�VLOLFRQ�EDVHG�
/RFWLWH�6L�5140�579��WKH�UHODWLYH�LPSHGDQFH�RI�WKH�FRLOV�GLVSOD\�D�PRQRWRQRXV�JURZWK�ZLWK�WKH�
FUDFN�OHQJWK.�7KHUHIRUH�� LW�LV�GHWHUPLQHG WKDW�D�PDWHULDO�RI�KLJKHU�IUDFWXUH�VWUHQJWK�ZRXOG�EH�
EHQHILFLDO�LQ�WHUPV�RI�VHQVRU�VXUYLYDELOLW\�DQG�LWV�FDSDELOLW\�WR�PRQLWRU�FUDFN�JURZWK.
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Figure 3: Relative change in impedance with respect with the crack length when M-Bond 200 adhesive is 
used 

Figure 4: Relative change in impedance with respect with the crack length when Loctite Si 5140 RTV 
adhesive is used 
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3 SIMULATION DETAILS 

3.1 Simulation setup 
A finite element model (FEM) of the aluminum alloy test coupon with the adhesive layer 

and the planar eddy current PCB coil in its protective polyimide layer was developed in Ansys 
Workbench [7]. Two different models were developed for each of the two bonding materials: 
(i) the M-bond 200, and (ii) the Loctite SI 5140 RTV. Various notches were introduced in the 
model to simulate crack growth, of 0.25, 0.5, 1.0, 1.5 and 2 mm length, all of 0.25 mm width. 

The planar eddy current coil was modeled as an isotropic material of a Young’s modulus of 
100 GPa and a Poisson ratio of 0.34, corresponding to copper. The polyimide tape used as a 
protective layer on top and bottom of the coil, was also modeled as a polyamide/nylon isotropic 
material with a Young’s modulus of 2.78 GPa and Poisson ratio of 0.41, as available from the 
Ansys material library. The M-bond 200 adhesive layer was approximated as an epoxy resin 
isotropic model with a Young’s modulus of 3.78 GPa and a Poisson ratio of 0.35.  The Loctite 
SI 5140 RTV adhesive properties were approximated by using a first order Mooney-Rivlin 
hyperelastic model corresponding to the Loctite SI 5404 RTV silicone adhesive, as described 
in [8].  

Due to the physical component geometry, the FEM used Ansys first-order shell elements 
(SHELL181). These shell elements are suitable to model thin shells (such as the adhesive layer, 
coil and polyimide film) and moderately thick shells, such as the aluminum coupon used here. 
The FEM modeled only the hole with the growing notch, as shown in Figure 5. This model had 
a total number of approximately 12500 nodes with 11500 shell elements (as shown in Figure 6). 

Figure 5: Schematic of the model with a fixed support and a 17.8 kN static load applied 

(a)
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(b)

(c)
Figure 6: Meshing details showing: (a) Shell element thickness, (b) 1 mm long 

notch in block, (c) stratified view of all the materials 

3.2 Simulation results 
The FEM analyses were parametrically conducted for various notch lengths assuming that 

both resin epoxy (M-bond 200) and Loctite adhesive layers were 100 micrometers thick. 
Figure 7 shows the Von Mises stress distribution on the coil and indicates that the highest 
stresses occurred on the first and second coil turns. 

Figure 7: Von Mises stress in copper coil for Loctite adhesive and a 1.0 mm long notch 

The maximum equivalent Von Mises stresses in the copper coil are summarized in Figure 8 
and Table 1. It is noticeable that in the coil bonded with Loctite, the maximum Von Mises stress 
exceeded the yield stress in the copper alloy (280 MPa) for a crack length longer than 1.0 mm 
and exceed the ultimate stress (430 MPa) for crack lengths longer than 1.5 mm. In the epoxy 
resin-glued planar Cu coil, the maximum Von Mises stress exceeded the yield stress in the 
copper alloy (280 MPa) for a crack length longer than 0.25 mm (i.e. the starter notch size) and 
exceed the ultimate stress (430 MPa) for notch lengths longer than 0.5 mm. The results in Figure 
7 indicate that the Loctite adhesive transmitted less stress to the copper traces, allowing its 
survivability for a longer duration. It is easily seen that the M-Bond 200 adhesive led to yielding 
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LQ�WKH�FRSSHU�FRLO�IRU�DOO�FUDFN�OHQJWKV�DQG�JOXH�OD\HU�WKLFNQHVVHV�DIWHU�WKH�QRWFK�H[FHHGLQJ�WKH�
LQLWLDO�0.25�PP�OHQJWK.

Table 1: 0D[LPXP�9RQ�0LVHV�VWUHVV�LQ�FRSSHU�FRLO�YV.�QRWFK�OHQJWK�DQG�DGKHVLYH�W\SH �100 P�WKLFN DGKHVLYH�

QRWFK��PP� 0.25 0.5 1.0 1.5 2.0
/RFWLWH�DGKHVLYH 1.�6(�08 1.47(�08 2.58(�08 4.10(�08 8.89(�08
0�ERQG�DGKHVLYH 2.12(�08 4.42(�08 1.2(�09 1.7(�09 2.1(�09

Figure 8: 0D[LPXP�9RQ�0LVHV�VWUHVVHV�LQ�FRSSHU�FRLO�IRU�WKH�0�ERQG��UHVLQ��DQG�/RFWLWH��579��DGKHVLYHV

4 DISCUSSION
,Q� VWUXFWXUDO� KHDOWK� PRQLWRULQJ�� WKH� XVH� RI� VWUXFWXUH�DWWDFKHG� VHQVRUV� GHSHQGV� RQ� WKHLU�

VHQVLWLYLW\��UHOLDELOLW\��GXUDELOLW\��DQG�VXUYLYDELOLW\.��,Q�WKLV�ZRUN��SODQDU�SULQWHG�FLUFXLW�ERDUG�
HGG\� FXUUHQW� FRLOV� ZHUH� FRQVLGHUHG� IRU� IDWLJXH� FUDFN� GHWHFWLRQ� DQG� PRQLWRULQJ.� %DVHG� RQ�
H[SHULPHQWDO�DQG�QXPHULFDO�ILQGLQJV�� LW� LV�DUJXHG�WKDW� WKH�ERQGLQJ�PDWHULDO�KDV�D�VLJQLILFDQW�
UROH�LQ�WKH�ORDG�WUDQVIHU�IURP�WKH�PRQLWRULQJ�VWUXFWXUH�WR�WKH�FRSSHU�VHQVRU�WUDFH��DQG�WKHUHIRUH��
WR�WKH�VHQVRU¶V�VXUYLYDELOLW\.�

7KH�HORQJDWLRQ�DW�EUHDN��L.H.�WKH�IUDFWXUH�VWUHQJWK��RI�&X�LV�60���ZKLOH�RI�7075�76�DOXPLQXP�
DOOR\� LV�11�.�7KH�SRO\LPLGH�PDWHULDO��ZKLFK�HQFDSVXODWHV� WKH�&X�FRLO��KDV�DQ�HORQJDWLRQ�DW�
EUHDN�RI�55�.�,Q�FRPSDULVRQ��WKH�HORQJDWLRQ�DW�EUHDN�IRU�WKH�0�ERQG�DGKHVLYH�LV�RQO\�5���ZKLOH�
IRU�WKH�/RFWLWH�6L�5140�579�LV�150�.

,Q�WKH�FDVH�RI�WKH�0�ERQG�DGKHVLYH��WKH�ORDG�WUDQVIHU�FDXVHV�GDPDJH�WR�WUDFHV�RI�WKH�FRLO��
DOWKRXJK�WKHLU�HOHFWULFDO�FRQWLQXLW\�LV�QRW�FRPSOHWHO\�EURNHQ.�7KH�)(0�UHVXOWV�SRLQW�DORQJ�WKH�
OLQHV�RI�WKH�H[SHULPHQWDO�REVHUYDWLRQV�LQ� WKDW� WKH�/RFWLWH�DGKHVLYH�OD\HU�WUDQVPLWV� OHVV�VWUDLQ�
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energy to the copper coil and helps allows its survivability for longer cracks. Further 
improvements of the model would include an elasto-plastic model of the copper material so that 
a true post yield behavior could be analyzed. A harmonic analysis, modeling fatigue, could not 
yet be run in Ansys Workbench due to the nonlinear material behavior of the RTV adhesive. 

5 CONCLUSION 
Structure-attached sensors for structural health monitoring or in-situ nondestructive testing 

are supporting the lifecycle maintenance of critical structures change from a time-based to a 
condition-based one. In the application discussed here, printed circuit board eddy current 
sensors are suitable for in-situ damage detection and monitoring. Their miniaturization, low 
weight, manufacture speed and costs, custom geometries, and surface conformability are only 
a few of their advantages. They allow for on-line condition assessment and on-demand 
maintenance, with the goals of increasing safety, availability, while reducing expenditures. 
Thin, flexible, custom-designed PCB eddy current coils are suitable for integration during the 
structure initial assembly or at the time of maintenance overhaul. 

Despite its advantages, the use of structurally bonded sensors relies on the sensors’ 
survivability in high-demand operational conditions. This work investigated the role played by 
the adhesive material used for attachment of the planar coils to the metallic structure. While 
electromagnetic coupling relies on thin and uniform bond layers, the load transfer from the high 
strain regions existing at the tip of a growing crack is dependent on the mechanical properties 
of the adhesive. 
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