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Abstract 

 
The paper summarizes the structural health monitoring (SHM) methodology on the 
metallic integral airframe panel structure loaded by flight-by-flight type of sequence. 
The experiment and sensor network is described. The results based on the experimental 
data and SHM evaluation based on piezoelectric transducers (PZT) and resistance strain 
gauges (SG) are discussed. Data analysis and the subsequent evaluation of the structural 
health are based on continuously structure monitoring by PZT and SG sensors together 
with visual monitoring of the fatigue crack propagation using digital cameras. 
Ultrasonic guided waves (UGW) generated by PZT transducers are able to detect 
anomalies in the structure based on the damage in between different actuator-sensor 
positions. The detection capabilities are the strongest when the damage growth is 
perpendicular and in between the actuator-sensor path. SGs reached very good 
agreement with the visually based crack growth data and their detection capability was 
very good. The advantages and detection capabilities of applied technologies can be 
combined in a smarter way to give a reliable and efficient SHM system in the future.  
 
1.  Introduction 
 
The service life of most operating aircrafts was determined via the safe-life philosophy 
in the past. It means that the airframe is taken out of service after the exact number of 
flight hours without regard to the real structure condition. Owing to demands to increase 
cost-effectivity of new and ageing structures, the damage tolerance (DT) philosophy has 
been introduced into the both design and service life. DT approach is supported by both 
non-destructive testing (NDT) and structural health monitoring (SHM). Unfortunately 
any application and certification of SHM methods to the service life requires a huge 
effort and only few methods can be applied into the real service. Hence this field 
requires significant improvement to be achieved wide and reliable serviceability to 
airframe structures. 
A great potential can be seen in SHM systems based on ultrasonic guided waves (UGW) 
generated by piezoelectric (PZT) transducer patches due to their low-cost, low-profile, 
and relatively ease of integration within the structure. These SHM systems can detect 
and quantify damages in a variety of structures. The objective of any application being 
the same, to increase the safety and reduce maintenance costs.  
A new version of the Czech L-410 NG commuter aircraft is under development at this 
moment. It is assumed to apply DT philosophy during the service life of this aircraft. 
One of the most critical parts of the L-410 NG is an integral wing panel. In the 
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framework of the integral wing panel development a huge experimental and analytical 
work was conducted both on small specimens and structural parts. Experimental and 
analytical investigations on the stiffened integral airframe panel structure to further 
increase current knowledge of SHM system and behaviour of metals during a real 
service fatigue loading are presented. The different principles of SHM can be applied. 
The acoustic emission methodology was applied in the past for crack monitoring of the 
integrally stiffened panel loaded by flight-by-flight type of sequence [1]. This paper 
presents the SHM methodology and data evaluation of the metallic integral airframe 
panel based on UGW and SG. The presented methodology and results are applied 
during the full scale fatigue test of the L-410NG commuter aircraft. 
 

2. Test and data network specification 
 
2.1 Panel definition 

 
The panel represents the L-410 NG bottom wing panel. Integrally stiffened panel was 
machined from AA 7475 T7351 plate material according to AMS 4202 standard. The 
width of the panel was 550 mm, the panel length was 1,942 mm and the skin thickness 
was 3 mm. The panel included seven longitudinal integral stiffeners. The hole with 
diameter of 2 mm and initial notch with length of 5 mm and width of 0.5 mm was 
machined in the middle (central) stringer. Figure 1 shows 3D model of the integrally 
stiffened panel together with detailed view to the initial notch manufactured in the web 
stiffener part. 
 

 
 

Figure 1. 3D view of the integral panel and detailed view to the initial notch in the web part 

 
2.2 Loading definition 

 
The fatigue test of the panel was conducted in two phases. The aim of the first phase 
was to initiate fatigue crack from the initial notch. During the first phase of the test the 
harmonic loading with constant amplitude was applied. The aim of the second phase 
was to measure fatigue crack propagation and structural health of the panel. The 
variable amplitude loading (flight by flight sequence) was applied during the second 
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phase of the test. The loading force was applied in a parallel way with stiffeners. The 
fatigue crack propagated in the perpendicular direction with respect to stiffeners. 
The test was conducted using standard MTS uniaxial hydraulic test machine with load 
capacity of 1 MN. The test was controlled by electronic and SW FlexTest40. The load 
frequency of 4 Hz was applied. The flight by flight loading sequence contained 
compressive load cycles. Therefore, the special anti-buckling device was designed and 
manufactured by VZLU. The aim of the special anti-buckling device was to prevent 
undesirable stability loss of the panel. Additionally, no movement in the perpendicular 
direction considering the longitudinal axis of specimen and force direction was allowed.  
Except the SHM the fatigue crack propagation was observed also directly by visual 
methods (two digital cameras).  
 
2.3 SHM network definition 

 
2.3.1 Ultrasonic guided wave measurement  

Ultrasonic Guided Waves (UGW) were generated and registered using PZT actuators / 
sensors. The panel was monitored by 28 sensors. Figure 2 shows layout of the sensors 
and the visual representation of involved sensors paths (the black sensors are placed on 
the skin of the panel and the grey sensors are placed on the stiffeners – see Figure 3). 
The data was measured and stored using the Acellent ScanGenie device. The total 
number of measured sensors pairs was 63.  
The data measurements were carried out under two conditions. The first was 
measurement under quasi static loading (0, 20, 40, 60, 80 and 100% of maximum load) 
in the predefined elapsed number of cycles (0, 51, 215, 342, 634, 974, 1195, 1490, 
1779, 2140, 2364, 2945, 3189, 3273, 3392, 3475, 3581 [103 cycles]). The second one 
was continuous measurement during the fatigue test when the batch measurement 
repeated every 5 minutes.		
	

																	  

	
Figure 2. Sensor layout and visualisation of the sensor paths on the monitored panel 

 

 

 
Figure 3. Segment of cross-section of the monitored panel 
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2.3.2 Strain sensors  

Strain development was monitored using resistance strain gauges. The panel was 
monitored by using of 21 strain gauges VISHAY CEA-13-125UN-350. Figure 4 shows 
layout of the SGs (the blue SGs are placed on the skin, the red SGs are placed on the 
stiffeners web). The SGs were installed in the three section symmetrically located 
owing to expected fatigue crack propagation line. The example of SGs placement and 
ID labelling in section 2 is shown in Figure 5. The labelling and placement of SGs in 
other sections were analogous.  
 

      

 
Figure 4. Strain gauges placement definition 

 

 
Figure 5. Strain gauges ID and placement definition – Section 2 

 

The strain data was recorded, stored and evaluated using BMCM acquisition system. 
BMCM is a modular system assembled in-situ of the test. It consists of a PC, A/D 
converters, amplifiers, connection blocks and cables. The system was controlled using 
the NextView 4.2 data acquisition software. Similarly to UGW the data measurements 
were carried out under the two conditions. The first was measurement under quasi static 
loading and the second one was continuous measurement during the fatigue test. 
 

3. Data evaluation and discussion 
 
The sensor layout has been designed that it contains several sensor pairs which are 
equivalent between each other. They locally monitor structure with the same features by 
the same sensor layout – see example in Figure 6. Namely, due to the symmetricity of 
the panel, the following sensor paths {13-33, 18-38, 16-36, 21-41} are shown below. 

Section: 1            2         3 

Crack propagation 

directions 
a 

a 
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Figure 6. Central area of the panel with highlighted equivalent sensor paths {13-33, 18-38, 16-36, 

21-41} and {20-40, 14-34} 

 
Based on the signal comparison in Figure 7 it can be seen that the signals are not 
absolutely identical between each other. They share some common features but they 
also have some significant differences. For instance, time of arrival remains stable for 
most of the equivalent paths but amplitudes differ. These differences can be attributed to 
the sensor installation imperfections (position of sensors, glue…) and minor 
manufacturing variances of the panel. 
 
	

	
Figure 7. Sensor paths {1: 21-41, 2: 16-36, 3: 18-38, 4: 13-33} 

 
 

 
Figure 8. Sensor paths {1: 5-46, 2: 45-4} 

 

13-33 20-40 18-38 16-36 14-34 21-41 
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The ultrasonic guided waves are able to propagate through very long distances. Figure 8 
shows the signals measured by the sensor pairs with biggest lengths (600 mm). These 
signals show that attenuation of the UGW is very low and sensors can operate on very 
long distances (up to 600 mm and more). 
Different approaches can be used for UGW data evaluation [2]. The applied 
methodology for damage index (DI) evaluation in this paper is described in [3]. The 
measured signals were compared with their related baselines (the state without any 
damage) and subsequently a damage index was computed based on the signal waveform 
changes between the baseline and the actual signal. Example of damage index vs. 
number of cycles dependence for the sensor paths {18-38} and {16-36} together with 
visualization of the sensor paths for individual static load levels (from 0 up to 100% of 
maximum load) are shown in Figure 9. It can be observed that the level of loading has 
influence to the detection capability. It can be stated a very good agreement with the 
real fatigue crack propagation. Similar dependences were evaluated for all the sensor 
paths. 
 

	

 
Figure 9. Damage index vs. number of cycles for sensor paths {18-38}(a) and {16-36} (b) together 

with visualization of the sensor paths (c) 

 

The panel was measured during the fatigue loading without explicit controlling of 
external load level. The data were acquired every 5 minutes. The measured data are not 
without scatter therefore the data were measured during cyclic fatigue loading with 
random load levels history. The data was compared with the related baseline (the first 
measurements) and the damage indexes (damage index) were plotted to graph. Figure 
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10 shows example of the results for the sensors path {18-38}. The top part of the figure 
represents the damage index progress and the bottom part shows crack growth curve. 
The red dashed line represents crack length and number of cycles when the crack 
reaches “imaginary line” between actuator and sensor. The computed damage indexes 
are affected by external loading. The correlation between damage and crack length seem 
to be very good. 
 

	

 
Figure 10. Damage index vs. number of cycles for sensor paths {18-38} 

 

 
Figure 11. SHM Data for resistance gauges placed in the middle stringer area 

 
The second structural health monitoring has been done by using SGs. The strain 
development during the fatigue test strongly corresponds to fatigue crack length both for 
crack propagation in the web of stiffener and the skin. Figure 11 shows the stress 
development dependence on the crack growth in the middle stiffener area of the panel 
containing the initial notch. The stress data is able very precisely to predict both the 
crack tip position and secondary bending presence. In case of the crack length pass the 
SGs location, the strains drop off to zero value in compliance with expectations. Figure 
12 illustrates the stress development dependence on the crack length. The correlation 
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between strains and crack length is very strong also for relatively remote gauges placed 
in the next skin bays (third bay from the sensor). All the sensors are able to detect, 
monitor and predict the crack propagation very well. Moreover the scatter of evaluated 
data is very low. 
 

 
Figure 12. SHM Data for resistance gauges placed in the external skin side 

 

3.  Conclusions 
 

The paper presents UGW and SGs data focused on the SHM of the metallic integrally 
stiffened wing panel. Both UGW and SGs methodology are able to detect and predict 
the damage before the critical crack length is achieved. The optimal position of UGW 
sensors is perpendicular to the crack line. SGs are able to detect a crack length also in 
case of the gauges are remote from the crack tip. 
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